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ABSTRACT 
In order to assess the impact of salt structures on paleotemperatures in adjacent 
sedimentary rocks, a field based study which quantified thermally driven diagenetic products as 
a function of distance from salt was undertaken. Several salt diapirs are now exposed at the 
surface of the Earth within the Lusitanian Basin and offered a unique opportunity to document 
paleothermal anomalies by studying thermally controlled diagenesis in adjacent, exposed Upper 
Jurassic rocks. Four transects were chosen within Upper Jurassic rocks that contained both 
sandstones and mudstones. Quartz cementation and albitization of feldspars, both of which are 
thermally driven processes, were quantified in sandstones. Vitrinite reflectance, a commonly 
used indicator of maximum paleotemperature, was documented within mudstone samples. 
Together these diagenetic products were used to identify patterns in the size and magnitude of 
paleo thermal anomalies around salt structures. 
Relatively minor quantities of quartz cement and albite were found within all the 
transects, confirming that the rocks were shallowly buried and never reached critical 
temperatures high enough for significant quartz cementation or albitization of feldspars. 
Vitrinite reflectance for three of the transects showed elevated values near diapirs, which 
decreased in value as distance from salt increased. However, one transect displayed suppressed 
temperatures near the salt structure, which indicated a difference in the burial history of the 
diapir or adjacent sediments at that location. Corresponding temperatures converted from 
vitrinite reflectance documented positive anomalies up to 40 °C and a negative anomaly 
approximately 20 °C. Previous numerical models have based the size and magnitude of thermal 
anomalies around salt on the width, height, and depth of burial of salt structures. However, no 
consistent relationship was found with regards to diapir width and size of thermal anomalies. 
The variable sizes and magnitudes of the thermal anomalies in Upper Jurassic rocks in the 
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Central Lusitanian Basin are interpreted as being primarily a function of diapir burial depth at 
the time the rocks were at their greatest burial depth.  
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CHAPTER 1 
INTRODUCTION 
Thermal anomalies in sedimentary rocks above, below, and adjacent to salt have been 
recognized in the literature for several decades by borehole temperatures around salt structures 
(O'Brien and Lerche, 1988; Mello et al., 1995). These thermal anomalies arise due to the 
contrast in thermal conductivity between salt and other sedimentary rocks. Within sedimentary 
basins, salt is 2-4 times more thermally conductive than other rocks (Corrigan and Sweat, 1995) 
(Figure 1). Several workers have proposed models to constrain the flow of heat and temperature 
distribution through and around salt structures. These models generally agree in that there is a 
positive temperature anomaly along the upper flanks and in suprasalt units, and a negative 
anomaly along the lower flanks and in subsalt units. Therefore, rocks in upper flank positions 
have higher temperatures than rocks at the same depth farther from salt while rocks in lower 
flank positions have suppressed temperatures compared with regional values at the same depth 
farther from salt (Figure 2).  
According to Mello et al. (1995) and O'Brien and Lerche (1988) the factors that exert the 
greatest control on the shape and magnitude of the thermal anomaly are: (1) the dimensions of 
the salt body, including shape, burial depth, and volume; and (2) the contrast in thermal 
conductivity between the salt and the sedimentary rocks surrounding it. Thermal conductivities 
of most clastic sedimentary rocks fall between 1.0 and 4.0 W/m°C and are a function of porosity 
and temperature (Figure 1) (Robertson, 1988). The thermal conductivity of salt falls within the 
range of 5.0 to 8.0 W/m°C, where the thermal conductivity of halite decreases with increasing 
temperature (O'Brien and Lerche, 1988). However, in temperature and pressure conditions 
typically encountered within sedimentary basins, the thermal conductivity of halite is 2-3x 
higher than that of other sedimentary rocks (Robertson, 1988). The contrast between the salt 
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and surrounding sedimentary rocks results in an enhanced geothermal gradient within and 
around the salt that produces anomalous temperatures (Figure 2).  
Temperature anomalies can have a significant impact on reservoir preservation and 
source rock maturity since many diagenetic processes are temperature driven. For example, the 
rate of the chemical precipitation of quartz cement is a thermally-controlled process and a main 
driver in porosity loss of buried sandstones (Walderhaug, 1994a; Walderhaug, 1994b). 
Furthermore, considering the temperature control on the thermal maturation of organic matter, 
even small heat anomalies may have a large impact on the maturation, preservation, or 
biodegradation of hydrocarbons (Mello et al., 1995). 
Despite the numerous published models that describe heat flow in and around salt 
diapirs, there has been little work done using field based evidence. The majority of previous 
work has relied upon bore-hole temperatures and well data around a single diapir. Bore-hole 
temperatures are subject to inaccurate temperature readings due to cool temperature drilling 
muds influencing temperature. This study contributes to a growing body of work concerning the 
impact of thermal anomalies around salt on diagenetic products in adjacent sedimentary rocks. 
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CHAPTER 2 
BACKGROUND 
Geologic Background 
The Lusitanian Basin is located on the West Iberian Peninsula in Portugal and is a 
member of a family of Mesozoic North Atlantic rift basins. The Lusitanian Basin is the largest of 
Portugal's six sedimentary basins and covers approximately 23,000 km2 (Wilson, 1988). The 
basin can be further structurally divided into sub-basins: northern, central, and southern. The 
study area lies within the onshore Central Lusitanian Basin in Portugal, which itself is divided 
into three sub-basins (Figure 3).  
From the Late Triassic to the Cretaceous the structural evolution of the Lusitanian Basin 
was controlled by four rift phases separated by intervals of tectonic quiescence (Wilson, 1988; 
Wilson et al., 1989; Rasmussen et al., 1998). The first rifting event occurred during the Late 
Triassic and was characterized by development of grabens and half grabens within the 
Lusitanian Basin (Wilson, 1988). Deposition during this phase was composed of red fluvial 
siliciclastic rocks of the Silves Formation followed by deposition of evaporites and dolomites of 
the Dagorda Formation (Figure 4) (Rasmussen et al., 1998). Changes in thickness of the Dagorda 
Formation are believed to be caused by changes in basement height along faults. Furthermore, 
thickness variations of the Dagorda Formation are believed to be the control on formation of 
salt pillows and diapirs during later deformational events, where thick salt led to the growth of 
salt structures above fault zones (Wilson, 1988; Rasmussen et al., 1998). 
A second rifting event during the Early and Middle Jurassic is identified by onlap of 
sediments onto early salt structures and growth strata, demonstrating fault-bound subsidence 
at this time and initiation of minor Dagorda Formation halokinesis (Rasmussen et al., 1998). 
Halokinesis is the movement of salt or salt bodies and its effects on adjacent rocks. Salt 
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structures, such as salt pillows and salt diapirs, can be categorized into groups by structural 
maturity through time. For example, a salt pillow or salt-cored anticline is an early maturity salt 
structure defined as an upwelling of salt with concordant overburden (Hudec and Jackson, 
2011). Salt diapirs can evolve from salt pillows and are defined as plugs or ridges of salt with 
discordant contacts with postsalt strata (Hudec and Jackson, 2011).  
The third and most distinct rifting event during the evolution of the Lusitanian Basin 
occurred during the Late Jurassic during the Oxfordian and Kimmeridgian. Alves et al. (2003) 
utilized seismic reflection data to show that major subsidence associated with fault activity 
occurred during this interval and is identified by onlap and thickening of sediments onto salt 
structures and basin-margin structures. Furthermore, seismic interpretations have shown that 
this interval marks the onset of significant halokinesis at depth by onlap of stratigraphy onto salt 
pillows (Figure 5) (Alves et al., 2003).  
The Upper Jurassic Gres Superiores Formation is comprised of sandstones and 
mudstones and was the target stratigraphic unit of this study. The Gres Superiores Formation 
was deposited during this time interval in an upper flank position relative to salt pillows (Figure 
4, Figure 5, Figure 6). Stratigraphic studies within the Lusitanian Basin through time have called 
the Gres Superiores Formation by other names such as the Bombarral Formation and the 
Lourinha Formation (Taylor et al., 2013). The age of the Gres Superiores Formation has most 
recently been constrained by biostratigraphic data as Late Kimmeridgian to earliest Early 
Tithonian (Taylor et al., 2013). Studies of Gres Superiores Formation outcrops have led to the 
interpretation that it was deposited in a fluvial-deltaic environment that interfingers with 
marginal marine shales and limestones basinward and ranges in thickness from 200 m to 1100 m 
(Wilson, 1989; Rasmussen et al., 1998; Taylor et al., 2013). The Abadia Formation and the 
Alcobaca Formation are the basinward equivalents of the Gres Superiores Formation. The 
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Abadia Formation is composed of marginal marine shales, whereas the Alcobaca Formation is 
composed of carbonates. 
The fourth and final rifting phase during the latest Jurassic and Early Cretaceous resulted 
in deposition of several hundred meters of fluvial siliciclastics and marked the rift to drift 
transition within the basin (Rasmussen et al., 1998). Today, outcrops of Cretaceous and Tertiary 
rocks are absent within the Central Lusitanian Basin. However, complete Cretaceous 
sedimentary successions can be found offshore and in the Northern Lusitanian Basin and are up 
to 1000 m thick (Rasmussen et al., 1998). Moreover, a burial history diagram of the northern 
part of the Central Lusitanian Basin estimated that the Cretaceous and Tertiary thickness could 
have been as much as 1500 m (Uphoff, 2005). Deposition during this time interval may have led 
to continued halokinesis, but only salt pillow growth can be demonstrated (Rasmussen et al., 
1988).  
Compressional tectonics associated with the Miocene Betic Orogeny mark the most 
recent event to have affected the Lusitanian Basin. This event led to erosion of Tertiary and 
Cretaceous sediments which exposed Upper Jurassic rocks to the surface of the Earth in many 
parts of the Central Lusitanian Basin. Therefore, the now exposed Upper Jurassic rocks of the 
Gres Superiores Formation, Abadia Formation, and Alcobaca Formation, reached their maximum 
burial depth of 1 to 1.5 km in upper flank positions relative to buried salt pillows prior to 
Miocene exhumation (Figure 7). Most importantly, the compressional event promoted the 
development of sub-vertical salt diapirs from buried salt pillows which are either now exposed 
at the surface of the Earth or shallowly buried by Quaternary sediments (Figure 6, Figure 7) 
(Rasmussen et al., 1998).  
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Diagenesis 
Vitrinite reflectance, a diagenetic product, and several diagenetic processes are 
commonly used within the petroleum industry to assess thermal maturity and paleoheat flow in 
sedimentary basins. Other diagenetic processes that help constrain heat flow are the 
precipitation of quartz cement, the transformation of smectite to illite, and the albitization of 
feldspars.  
Vitrinite reflectance in mudstones can be used to constrain maximum paleotemperature 
and to identify changes in geothermal gradient in sedimentary rocks (Dow, 1977). Vitrinite is a 
diagenetic product of woody plant material that increases in reflectivity with increasing 
temperature. The increase in reflectivity is a prograde process that does not retrograde, 
therefore it records the highest temperature experienced by the sediment containing it.  
Quartz cementation is a primary cause of porosity loss in sandstone reservoirs. 
However, numerous observations from sedimentary basins around the world have shown that 
significant quantities of quartz cementation are absent until a critical depth is achieved 
(Walderhaug, 1994a; Giles et al., 2000; Worden and Morad, 2000). While the exact depth varies 
from basin to basin, what remains constant are the temperatures, 70 - 100 C, at which 
appearance of significant quantities of quartz cementation are found (Giles et al., 2000). 
Documentation of quartz cementation initiated at temperatures lower than 70 C has been 
documented, but has not been shown to be volumetrically significant until greater burial depths 
and temperatures have been reached (Harwood et al., 2013). Quartz cementation is linked to 
temperature in two important ways. First, diagenetic reactions such as the alteration of 
feldspars to form clay minerals, the illitization of smectite, and pressure dissolution of quartz 
grains are processes that are kinetically controlled by temperature (Worden and Morad, 2000). 
These reactions all share a common byproduct, silica, which can lead to quartz cementation. The 
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second link temperature shares with quartz cementation is that dissolution, diffusion, and 
precipitation of silica as quartz cement is temperature controlled (Walderhaug, 1994a; Oelkers 
et al., 1996; Worden and Morad, 2000). Numerous models have been proposed and successfully 
applied to sedimentary basins around the globe that are based upon the premise that the rate 
of quartz cementation is controlled by the kinetics of precipitation (Walderhaug, 1994; Oelkers 
et al., 1996). The successful application of these models further suggest that sources of silica are 
readily available at the geologic time scales during which significant volumes of quartz cement 
may form (Taylor et al., 2010). While debate does exist as to whether sources of silica are 
internal or external to sand bodies, the general consensus agrees that silica is readily available 
for quartz cementation in sedimentary basins (Walderhaug, 1994a; Oelkers et al., 1996; Giles et 
al., 2000; Worden and Morad, 2000; Taylor et al., 2010). Moreover, a study of quartz 
cementation in two wells at similar depths in the Gulf of Mexico was carried out in order to 
better understand the effects of temperature on quartz cementation (Taylor et al.; 2010). The 
study showed that the well which had suppressed temperatures due to an adjacent salt 
structure had minor amounts of quartz cement (1-2%), while the well which had higher 
temperatures consistent with the regional geothermal gradient had higher quartz cement values 
(2-7%). Therefore, because temperature exerts a strong control on the rate of quartz 
cementation, quantities of quartz cementation may be used to assess changes in 
paleotemperature during diagenesis within rocks that are petrographically similar and buried to 
similar depths. 
Diagenetic albite is a byproduct of a diagenetic dissolution-precipitation reaction 
whereby calcium in feldspars is replaced by sodium. The following chemical reaction defines the 
process: 
 2SiO2 + 0.5H2O + H
+ + Na+ + CaAl2Si2O8 = NaAlSi3O8 + 0.5Al2Si2O5(OH)4 + Ca
+2            
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Perez and Boles (2006) constructed an empirically derived model using data from the 
Texas Gulf Coast, Denver Basin, and San Joaquin Basin that estimated the extent of albitization 
of plagioclase within a sedimentary basin. Variables which affect the reactions are time, 
temperature, surface area of feldspars, and fluid chemistry. Moreover, they concluded that the 
main controls of this chemical reaction are temperature and heating rates and that the critical 
temperature required for significant albitization to occur was 70° C. Perez and Boles (2006) 
noted that time and fluid chemistry must be considered, but a study of formation waters within 
the albite bearing sedimentary rocks showed that they were connate waters only modified by 
mineral reactions within the sediment and that the presence of albite neither required 
abnormally high salinities nor high concentrations of Na+ (Boles, 1982). However, the presence 
of Na+ will enhance the reaction, but the rate limiting step is the dissolution of plagioclase (Perez 
and Boles, 2006). Therefore, sediments in proximity to salt should be in an environment 
favorable for albitization, since fluids interacting with salt should be rich in Na+ (Worden and 
Morad, 2000). Perez and Boles (2006) proposed that the albitization of feldspars could be used 
as a paleo-thermometer in sedimentary basins providing independent calibration for other 
thermal indicators such as vitrinite reflectance or quartz overgrowths.  
Clay mineral geothermometry has been applied to diagenetic settings in sedimentary 
basins in order to elucidate thermal histories. Specifically, the transformation of smectite to 
illite, a multi stage reaction that can be correlated to temperature due to burial depth (Pollastro, 
1993). The transformation of smectite to illite is primarily controlled by temperature, time, and 
K+ availability (Pollastro, 1993). However, K+ is readily available in most natural systems 
containing illite/smectite, thus temperature and time are considered to be the main drivers 
(Pollastro, 1993). Moreover, evaporites in the North Sea are a source of K+ in adjacent 
sedimentary rocks for illite/smectite mixed layer mineral and illite growth (Meunier and Velde, 
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2004). The transformation of smectite to illite is not defined by two independent phases of 
smectite and illite, but rather by intermediate stages defined by mixed layering of the two 
components. Studies of the smectite to illite transformation in Oligocene Gulf Coast rocks have 
shown that the transformation initiates at approximately 70 °C and reaches I/S (illite/smectite) 
ratios of 80% at approximately 100 °C (Pollastro, 1993). The proportion of the two components, 
illite and smectite, can then be used to assess the progress of the reaction and related to 
temperature and depth of burial (Meunier and Velde, 2004; Pollastro, 1993). Pollastro (1993) 
notes that in order to use illite/smectite ratios as a reliable geothermometer, original 
compositions of illite/smectite should be established within a unit because depositional ratios 
can vary by up to 40% within a few meters horizontally or vertically.  
 
Previous Work 
Petroleum exploration within salt-bearing basins, along with the recognition of thermal 
anomalies associated with salt, has led to studies aimed at predicting the magnitude and extent 
of these thermal anomalies. Many of the previous studies resulted in numerical models that 
attempted to constrain heat flow around salt structures, while only a few have been constrained 
by field data such as borehole temperatures or seafloor heat measurements above salt domes. 
Moreover, while a few studies have explored the impact of thermal anomalies on hydrocarbon 
generation, no detailed studies regarding thermally controlled diagenesis in reservoirs as a 
function of distance to salt have been undertaken. 
O'Brien and Lerche (1984) approached the problem by generating an analytical 
numerical model to describe how heat flowed with respect to a simple cylindrical salt diapir. The 
model showed that the high thermal conductivity of salt led to a perturbed geothermal gradient 
in sediments surrounding the diapir. In the model, temperatures were elevated above salt and 
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along the upper flanks of the salt structure, and temperatures were suppressed below salt and 
along the lower flanks (Figure 2). The size and magnitude of thermal anomalies were shown to 
be variable in the model by changing height, width, and burial depth of the diapir, but they 
concluded that the anomaly should not exceed 1 times the salt dome radius. The results of their 
numerical model was corroborated by a companion paper (Vizgirda et al., 1985), which 
documented increases in borehole temperatures with decreasing distance from a salt diapir in 
the West Bay, Louisiana region. Additionally, they concluded that heat flow around salt could be 
modeled solely by a conduction model and that convection of heat was negligible.  
Yu et al. (1992) used a 2D fluid flow/compaction model to simulate heat flow around 
salt structures in the Gulf of Mexico. The key findings of the study were that there were three 
types of thermal anomalies associated with salt: (1) positive anomalies above salt structures, (2) 
negative anomalies beneath salt, and (3) temperature differences within salt compared with 
surrounding sediments. Furthermore, the authors suggested that source rocks above salt or 
along the upper flanks of a structure would have enhanced thermal maturation and 
hydrocarbon generation. Similarly, source rocks below or along the lower flanks of salt would 
have suppressed temperatures which would accommodate hydrocarbon generation at greater 
depths.  
Mello et al. (1995) used the finite element method to model heat flow around salt 
structures, and were particularly interested in the role of salt structures on subsalt organic 
matter hydrocarbon generation. Their work suggested that temperature anomalies were 
typically shaped like dipoles, with elevated temperatures above salt and suppressed 
temperatures below. Furthermore, they modeled suppressed temperatures as low as 85 °C 
cooler below salt relative to sediments at the same depth not effected by salt. The authors 
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suggested sediments below salt or along the lower flanks of salt structures had the potential to 
preserve hydrocarbon accumulations at greater depths than in rocks not affected by salt.  
Hanson (2014) used vitrinite reflectance to document the paleo thermal anomaly 
around an exposed salt diapir in La Popa Basin, Mexico. This study showed vastly different 
thermal histories on different sides of a salt diapir. Furthermore, the work provided empirical 
evidence for thermal anomalies that extended laterally several salt radii from the salt structure, 
which was in disagreement with previously proposed numerical models which hypothesized a 1 
salt radii anomaly (O'Brien and Lerche, 1984, 1988; Mello et al., 1995).  
In general, the numerical models have agreed in that they predict thermal anomalies 
extending 1 salt radii from structures (O'Brien and Lerche, 1984; Vizgirda et al., 1985; Mello et 
al., 1995). Magnitudes of thermal anomalies have been modeled between the range of positive 
35 °C above salt, and as low as negative 85 °C below salt. A positive anomaly is a temperature 
that is elevated due to nearby salt compared to sediments unaffected by salt at the same depth. 
A negative temperature anomaly is a temperature that is suppressed due to nearby salt 
compared to sediments unaffected by salt at the same depth. However, these models have 
often been constrained by very little field data with which to calibrate them and thus require 
further research.  
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CHAPTER 3 
HYPOTHESIS 
The aim of this research project was to understand thermal anomalies around salt. 
Numerical models have been developed that hypothesize the size or lateral extent of anomalies 
as well as the magnitude of temperature change between sediments proximal to salt versus 
those farther away and unaffected by salt. The goal of this project was to test the concepts of 
these numerical models in the real world by examining diagenetic products or processes in the 
proximity of salt that are temperature controlled.  
Diagenetic processes and products that were examined include quartz cementation, the 
albitization of feldspars, and vitrinite reflectance. One assumption inherent to this work is that 
diagenetic changes observed were a function of elevated temperature attributed to proximity to 
salt and not any other heat source. For example, this work assumes that no heat sources such as 
igneous intrusions have impacted the diagenetic products examined. This is a reasonable 
assumption because the only known intrusive igneous complexes in the Central Lusitanian Basin 
are near Sintra, Lisbon, and Nazare, Portugal (Cunha and Pena dos Reis, 1995). Each of these 
areas are more than 40 km away from the nearest transect. Furthermore, Peters et al. (1978) 
showed that as a rule of thumb, igneous intrusive bodies impacted vitrinite reflectance in rocks 
a distance up to twice the size of the igneous body away from the intrusion. Therefore, if an 
unknown intrusive body exists in the study areas, it is expected to impact all vitrinite values 
within the area to a similar degree, as impacting only samples near salt would be extremely 
fortuitous and unlikely. Evidence of other heat sources such as convection of hot fluids were not 
observed in the field and thus were not considered a significant heat source, which is in keeping 
with the ideas of O'Brien and Lerche (1984, 1988) that thermal anomalies around salt are 
primarily a function of contrasting thermal conductivities. 
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It is understood that some quantity of quartz overgrowths and albite may have been 
deposited within the Gres Superiores at the time of deposition. However, if quartz overgrowths 
or albitized feldspars are detrital, it would be expected that these products would be uniform 
across the basin. Therefore, systematic changes in diagenetic products as a function of distance 
from salt were interpreted as a result of temperature changes related to salt and not 
provenance.  
While the sedimentary record of the Cretaceous and Tertiary have been erosionally 
removed from the Central Lusitanian Basin, complete stratigraphic packages exist offshore and 
in the Northern Lusitanian Basin that are up to 1 km in thickness. A burial history diagram of the 
northern Central Lusitanian Basin by Uphoff (2005) modeled a maximum burial of 1.5 km for 
Upper Jurassic strata. Therefore, I hypothesized that Jurassic sediments now exposed at the 
surface of the Earth were never buried more than 1.5 km. Limited seismic reflectance data 
suggest that Upper Jurassic rocks of the Gres Superiores Formation structurally evolved in an 
upper flank position to a salt structure until the Miocene when compressional tectonics 
exhumed them and led to formation of salt diapirs from buried salt pillows. Therefore, 
sediments near salt in an upper flank position should have experienced increased heat flux 
compared to sediments farther from salt that were previously buried to similar depths. Thus, 
sediments proximal to salt should display evidence for increased thermal maturity and 
enhanced diagenesis, both of which should decrease with increasing distance from diapirs.  
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CHAPTER 4 
SIGNIFICANCE 
Many prolific hydrocarbon bearing basins around the world contain salt so it is 
important to better understand the thermal impacts of salt on potential reservoirs and source 
rocks adjacent to it. Models which estimate hydrocarbon maturation and diagenesis rely on 
accurate understanding of rock processes through time and the variables that impact them. 
Because salt has the potential to effect both diagenesis and maturation of organic matter in 
adjacent rocks, it is important to place empirically derived constraints on those impacts. 
Therefore, an empirical study that examines thermally controlled diagenesis and its relationship 
to distance from salt can test the concepts of previously proposed models and help improve 
future models. 
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CHAPTER 5 
METHODOLOGY 
Field Work and Sample Collection 
Published Portuguese geologic maps were used to identify areas in which salt structures 
were near or exposed at the surface of the Earth. After salt structures were identified, proposed 
transects for sample collection were identified. Geologic units containing sandstones and 
mudstones and that were exposed for several kilometers orthogonally away from salt structures 
were chosen for transects. Additionally, since modern topography and abundant vegetation do 
not allow for following a single bed for great distances, units with shallow dips were chosen in 
order to minimize changes in burial depth at each transect. Moreover, no large offset faults 
have been identified within the transect areas. Potential areas for transects were further 
targeted by regions that lacked igneous intrusions. Several small intrusive dikes are present in 
the transect areas, but sampling was carried out several kilometers away from these igneous 
bodies and thus are considered to be out of their area of influence as a heat source (Peters et 
al., 1978). The Gres Superiores Formation and its equivalents, the Abadia and Alcobaca 
Formation, met these criteria and were chosen for sampling. Seismic reflection surveys and 
interpreted cross sections show that salt diapirs are oriented vertically to sub vertically in the 
subsurface (Figure 8, Figure 9). Additionally, the geologic contact of salt and adjacent 
sedimentary rocks can be easily identified using a geologic map or GoogleEarth by a sharp 
change in topography. The dissolution of salt in the shallow subsurface results in valleys that are 
flanked by more resistant sedimentary rocks that form hills or ridges. Thus the measured 
distance at the surface of the Earth from a salt diapir margin to a sample location can be 
confidently used as the distance to the nearest salt body (Figure 10). The distance from a salt 
diapir to a sample was measured using GoogleEarth. 
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Four transects were chosen for sample collection at three different salt structures 
(Figure 11) in the Central Lusitanian Basin. Once transect areas were identified, samples were 
collected at increasing distances in a roughly orthogonal direction from the trend of the salt 
diapirs, so that diagenetic changes could be tracked as a function of distance from salt. The 
Vimeiro, Caldas da Rainha, and Cela Velha transects were within the Bombarral sub-basin, while 
the Bufarda transect was in an unnamed sub-basin within the central Lusitanian Basin. The 
transect lengths ranged from 5 to 15 kilometers (Figures 12-15). Sampling of sandstones and 
mudstones was performed using a rock hammer to dig into an outcrop so that fresh, 
unweathered samples could be collected. Sample location strategy included collection of rocks 
every few hundred meters near salt structures and every kilometer at distances greater than a 
kilometer from salt structures. Sample locations were recorded using a handheld global 
positioning system unit and are reported in Appendix 1. Distances from salt were determined 
using GoogleEarth to measure the distance from the sample to the nearest diapir margin. 
 
Petrography 
Bulk rock sandstone samples were sent to Spectrum Petrographics Inc. for polished thin 
section preparation without any initial preparation because most samples were brittle. Polished 
thin sections were cut 30 µm thick and stained with a blue epoxy. 
Thin sections were point counted using standard microscopy procedures. Mineral 
identification was performed using plane and cross polarized light. Three hundred to five 
hundred points are considered to give a statistically valid representation of sandstone 
compositions and thus were counted on each sample using an automated stage with equal 
spacing between points (Ingersoll et al., 1984). Points counted were categorized into eleven 
groups: framework grains, porosity, matrix (grains smaller than .0625 mm), quartz cement, clay 
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cement, carbonate cement, hematite cement, kaolinite cement, opaque globules, unknowns, 
and unknown cements. 
Photomicrographs were taken to record framework grains, cement types, spatial 
relationships between cements, and grain size distributions (Appendix 2).  
QEMSCAN 
QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron Microscope) 
analyses were conducted and all thin sections were carbon coated at University of Nevada Las 
Vegas EMIL laboratory. Thin sections were analyzed in the QEMSCAN laboratory at the 
University of Utah. QEMSCAN analysis is automated and uses back scatter electron (BSE) and 
energy dispersive x-ray spectroscopy (EDS) to quantify bulk rock mineralogy and porosity. 
Mineral identification during the analysis is based upon X-ray count, BSE information, elemental 
ratios, or a combination of all three. The analysis compares the composition of the unknown 
material to minerals in an archive. Once analyzed, the unknown point is assigned to the 
appropriate mineral and the analysis repeats at the next point until the entire designated area is 
counted.  
Vitrinite Reflectance 
Ten grams of all 51 mudstones samples was separated and sent to Egsploration Inc. for 
whole rock vitrinite reflectance (Ro) analysis in order to assess thermal maturity of organic 
matter. See Appendix 3 for a full description of the laboratory procedures.  
 
X-Ray Diffraction 
Ten grams of six mudstone samples were sent to Mineralogy Inc. for x-ray diffraction 
analysis to identify clay minerals present. Mineralogy Inc. uses a methodology adapted from 
Moore and Reynolds (1989) that is included as Appendix 4.   
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CHAPTER 6 
RESULTS 
Field Work 
The field work resulted in collection of 106 sandstone and mudstone samples along four 
transects in the Central Lusitanian Basin (Appendix 1). The Vimeiro transect was approximately 6 
km long and extended in an orthogonal direction from the Vimeiro diapir to the southeast. 
Along the transect, 9 sandstones and 7 mudstones were collected from the Upper Jurassic Gres 
Superiores Formation (Figure 12). The Bufarda transect was approximately 5 km long and 
extended in an orthogonal direction from the Bafarda diapir to the west. Along the transect, 9 
sandstones and 9 mudstones were collected from the Upper Jurassic Abadia and Alcobaca 
Formations (Figure 13). The Caldas Rainha transect was approximately 15 km long and extended 
in an orthogonal direction from the Caldas Rainha diapir to the east. Along the transect, 22 
sandstones and 21 mudstones were collected from the Upper Jurassic Gres Superiores 
Formation (Figure 14). The Cela Velha transect was approximately 10 km long and extended in 
an orthogonal direction from the Caldas Rainha diapir to the east. Along the transect, 15 
sandstones and 13 mudstones were collected from the Upper Jurassic Gres Superiores 
Formation (Figure 15). The Cela Velha transect contains one additional mudstone sample, 
sample 106, which was collected from the Alcobaca Formation on the western margin of the 
Caldas da Rainha diapir at approximately the same latitude as the Cela Velha transect (Figure 
15). The additional sample is hereafter referred to as the Pescaria sample. No evidence of 
hydrothermal alteration was observed during sample collection at any of the transect areas.  
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Vitrinite Reflectance 
All mudstone samples were submitted to Egsploration Inc. for whole rock vitrinite 
reflectance (Ro) analysis. Vitrinite reflectance values are reported in Tables 1-4. 
Photomicrographs of organic matter are in Appendix 3. Vitrinite values for the Vimeiro transect 
ranged from 0.38 to 0.92, with an average of 0.58. Vitrinite values for the Bufarda transect 
ranged from 0.39 to 0.87, with an average of 0.57. Vitrinite values for the Caldas da Rainha 
transect ranged from 0.34 to 0.62, with an average of 0.44. Vitrinite values for the Cela Velha 
transect ranged from 0.50 to 0.73, with an average of 0.61. The Pescaria mudstone, sample 106, 
had a Ro value of 0.63 and is reported in Table 4. 
Several samples in the Caldas da Rainha and Cela Velha transects were organic lean and 
contained no organic particles so no reliable vitrinite reflectance values were determined. 
Samples 83, 91, and 97 were considered unreliable measurements by Egsploration Inc., thus 
were omitted from analyses. 
 
Petrography 
Vimeiro Transect 
The Vimeiro transect samples consisted of medium to coarse grained sandstones, 
composed of quartz, feldspar, matrix, and several types of cement (Figure 16, Table 5). Sample 9 
is anomalous in that it contains very coarse grains, up to 1.5 mm. Cements present within the 
transect included quartz cement, kaolinite cement, carbonate cement, and clay cement (Figures 
17, 18, 19). Quartz cement within the transect ranged from 0.3 to 4.3%, with an average of 
2.4%. Carbonate cement within the transect ranged from 0% to 22.3%, with an average of 6.1%. 
The porosity within the transect ranges from 4.7% to 23.0%, with an average of 16.4% (Figure 
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20a). Quantities and averages of other cements are reported in Table 1. Graphs showing 
individual cements, total cement, and porosity are shown in Appendix 5.  
 
Bufarda Transect 
The Bufarda transect samples consisted of fine to coarse grained sandstones, composed 
of quartz, feldspar, micas, carbonate clasts, and several types of cement (Figure 21, Table 6). 
Cements present within the transect included quartz cement, kaolinite cement, calcite cement, 
and clay cement (Figures 17-19). Quartz cement within the transect ranged from 0.3% to 4.0%, 
with an average of 1.7%. Carbonate cement within the transect ranged from 0% to 39.7%, with 
an average of 9.4 %. The porosity within the transect ranged from 1.3% to 22.7%, with an 
average of 10.6% (Figure 20b). Graphs showing individual cements, total cement, and porosity 
are shown in Appendix 6.  
 
Caldas da Rainha Transect 
The Caldas da Rainha transect samples consisted of fine to very coarse grained 
sandstones, composed of quartz, feldspar, micas, matrix, and several types of cement (Figure 
22, Table 7). Sample 76 was collected from the Brenha Formation and was excluded from 
analyses. The cements present within the transect included quartz cement, kaolinite cement, 
calcite cement, and clay cement (Figures 17-19). The abundance of quartz cement within the 
transect ranged from 0% to 3.7%, with an average of 1.6%. Carbonate cement within the 
transect ranged from 0% to 57.3%, with an average of 5.1%. Porosity within the transect ranged 
from 0% to 26.7%, with an average of 17.2% (Figure 20c). Graphs showing individual cements, 
total cement, and porosity are shown in Appendix 7. 
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Cela Velha Transect 
The Cela Velha transect samples consisted of fine to medium grained sandstones, 
composed of quartz, feldspars, carbonate clasts, micas, and several types of cement, with the 
exception of sample 79 (Figure 23, Table 8). Sample 79 is a carbonate packstone that is not part 
of the Gres Superiores or equivalent formations and was excluded from analyses (Figure 24). 
The cements present within the transect included quartz cement, kaolinite cement, calcite 
cement, and clay cement (Figures 17-19). Quartz cement within the transect ranged from 0% to 
5.3%, with an average of 2.3%. Carbonate cement with the transect ranged from 0% to 37.0%, 
with an average of 12.4%. Porosity within the transect ranged from 0% to 27.3%, with an 
average of 14.1% (Figure 20d). Graphs showing individual cements, total cement, and porosity 
are shown in Appendix 8.  
 
QEMSCAN 
All sandstone samples were analyzed using QEMSCAN. The samples were dominantly 
composed of quartz, k-spar, plagioclase, albite, micas, kaolinite cement, and calcite cement 
(Tables 9-12). Samples 13, 34, 51, 69, 73, 100, and 102 were anomalous, in that they contained 
dolomite. Sample 76 was collected from the Brenha Formation and was excluded from analyses. 
Sample 79, identified as a carbonate packstone during the petrographic analysis, was excluded 
from analyses. Albite content within all the transects ranged from 0.07% to 3.49%. Albite within 
the Vimeiro transect ranged from 0.56% to 2.24%, with an average of 1.37%. Albite within 
Bufarda the transect ranged from 0.24% to 3.49%, with an average of 1.82%. Albite within the 
Caldas da Rainha transect ranged from 0.07% to 2.52%, with an average of 0.55%. Albite within 
the Cela Velha transect ranged from 0.20% to 3.39%, with an average of 1.84%. Graphs showing 
albite, individual cements, total cement, and porosity are shown in Appendices 9-12. 
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X-Ray Diffraction 
Six mudstone samples were submitted to Mineralogy Inc. for x-ray diffraction analysis to 
determine clay mineralogies present. Four samples from the Cela Velha transect and two 
samples from the Caldas da Rainha transect were analyzed. Illite/smectite (I/S) ratios ranged 
from 50% to 75%. Additional clay minerals present in each sample are reported in Table 13.  
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CHAPTER 7 
INTERPRETATION 
Vimeiro Transect, Caldas da Rainha, and Cela Velha Transects 
Based upon available subsurface data and structural reconfigurations of the basin, the 
Gres Superiores Formation in each of the transects was hypothesized to have been deposited 
and reached maximum burial depth in a supra salt to upper flank position relative to a salt diapir 
(Figures 5-9) (Alves et al., 2003; Rasmussen et al., 1998; Wilson, 1988). Therefore, the Gres 
Superiores Formation was hypothesized to have experienced higher temperatures and 
increased temperature controlled diagenesis near salt, with decreasing temperatures with 
increasing distance from salt. Vitrinite reflectance (Ro) values for the Vimeiro, Caldas da Rainha, 
Cela Velha, and Bufarda transects are plotted against distance from salt diapirs in Figure 25. The 
Vimeiro, Caldas da Rainha, and Cela Velha transects show that the highest vitrinite values were 
found closest to the diapir, while the lowest values were documented farthest away from the 
diapir (Figure 25). 
 Dow (1977) demonstrated how vitrinite reflectance (Ro) could be used to identify 
changes in geothermal gradient. The Gres Superiores Formation now exposed at the surface of 
the Earth in each of the transect areas is assumed to have been buried to similar depths because 
no faults with major offset have been mapped within the transect areas and the dip of the Gres 
Superiores within the transect areas is mapped as less than 30°. The thickness of the Gres 
Superiores Formation ranges from 200 m to 1100 m. Thus, a fault juxtaposing the Gres 
Superiores Formation against the Gres Superiores Formation could have a throw up to 1100 m, 
which could significantly impact vitrinite values. However, no such faults have been mapped 
within the transect areas. While no measurements of bedding dip were made in the field, visual 
observations showed that the Gres Superiores Formation and its equivalents were typically sub-
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horizontal and dipping less than 10°. Thus, lateral transects across the now exposed Gres 
Superiores Formation would not have moved stratigraphically up or stratigraphically down by 
significant amounts. Therefore, if the exposed Gres Superiores Formation within the area of 
each transect was buried to similar depths, then it follows that changes in vitrinite values were 
related to changes in geothermal gradient with respect to lateral distance from each respective 
diapir when the organic matter underwent diagenesis.  
Because vitrinite reflectance is a function of temperature, the data show that 
paleotemperatures within the Gres Superiores Formation were elevated proximal to salt. While 
the Caldas da Rainha and Cela Velha transects have higher Ro values proximal to the diapir on 
average, it is unclear why the sample closest to the diapir in each transect is not the highest Ro 
value. One possible explanation for the lower vitrinite value near the diapir at the Cela Velha 
transect is that the measurement is not representative of the true average vitrinite reflectance, 
as the measurement is based upon only one vitrinite particle, while the other elevated samples 
are based upon four to nine particles (Table 4).  
The largest change in magnitude of vitrinite reflectance is seen in the Vimeiro transect, 
where values are as high as 0.92 near salt, while the average farther from salt is approximately 
0.45. The Caldas da Rainha transect has Ro values as high as 0.62 near the diapir, while averages 
farther from salt are 0.40. The Cela Velha transect has Ro values that maximize at 0.72, while 
the average farther from salt is approximately 0.55.  
The lower average vitrinite values that did not fluctuate as a function of distance from 
salt diapirs are interpreted as being representative of the regional paleo geothermal gradient 
unaffected by salt (Figure 25). Variations in this average between transects implies that average 
paleotemperatures at each transect were different, which could be caused by different depths 
of burial or changes in regional geothermal gradient from one area to another. 
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While absolute temperatures can't be confidently derived from vitrinite reflectance data 
without additional temperature indicators, several authors have generated vitrinite correlation 
charts based upon empirical data that can be used as a guide to paleotemperatures experienced 
by sedimentary rocks containing vitrinite (Barker and Pawlewicz, 1994; Hunt, 1996). Using 
Hunt's (1996) vitrinite correlation chart to convert vitrinite values to temperature, we find that 
temperatures proximal to salt ranged from 55 to 90 °C (Figure 26). Meanwhile, vitrinite values 
farther from salt correlate to temperatures from 35 to 50 °C (Figure 26). The vitrinite values 
farther from salt correlate to reasonable temperatures for rocks buried 1 to 1.5 km using Hunt 
(1996), because geothermal gradients of rift basins are commonly between 30 to 50 °C/km 
(Allen and Allen, 1990). The results are interpreted as being indicative of temperatures that 
were either near or below the temperatures required for significant quartz cementation, 
albitization of plagioclase feldspars, and transformation of smectite to illite.  
The quantities of quartz cement are plotted against distance from salt for each transect 
in Figure 27. The plots of Vimeiro and Caldas da Rainha show that the quantity of quartz cement 
decreased with increasing distance from salt diapirs (Figure 27a,27c). No trend can be inferred 
from the Cela Velha quartz data with regards to distance from salt (Figure 27d). While quartz 
cementation can occur at temperatures as low as 40 to 70 °C (Harwood, 2013; Hyodo et al., 
2014), Walderhaug (1994a, b) showed that the initiation temperature for significant quartz 
cementation is approximately 80 °C. Temperatures derived from the Hunt’s (1996) correlation 
chart for vitrinite values indicate that temperatures within the transects were below 80 °C, 
which may explain the low quantities and change in magnitude of quartz cement found within 
the transects because the precipitation rate of quartz cement is considerably slower below 80 °C 
(Walderhaug, 1994a; Oelkers et al., 1996; Harwood et al., 2013).  
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Systematic decreases in quartz cementation with increasing distance from salt at the 
Vimeiro and Caldas da Rainha transects can be used to infer that there were lateral changes in 
geothermal gradient with increasing distance from diapirs at the time of quartz cementation. 
Relatively high quantities of quartz cementation near the diapirs can be attributed to an 
elevated geothermal gradient near the diapirs, while low quantities can be attributed to a 
normal geothermal gradient unaffected by salt. 
In general, the Vimeiro and Caldas da Rainha findings are in agreement with the vitrinite 
reflectance data for the transects. However, it should be noted that the absolute change in 
quartz cement is from approximately 4% to 1% of the bulk rock volume. Alternative hypotheses 
for the trends in quartz cementation at the Caldas da Rainha and Vimeiro transects could be 1) 
local changes in silica sources or absence of silica sources in samples farther from salt, resulting 
in decreased quantities of quartz cement, 2) the quartz overgrowths are not primary and quartz 
grains with quartz overgrowths were deposited, or 3) the interpreted trends in quartz cement 
are misleading as +/- 1% standard deviation of point counting is acceptable. The successful 
application of quartz cementation models that are premised upon the kinetics of quartz 
cementation to basin settings around the world demonstrates that silica sources are readily 
available at geologic time scales at which quartz cementation occurs (Taylor et al., 2013). 
Moreover, Worden and Morad (2000) notes that dissolution of halite in formation fluids can 
decrease the stability of feldspars in sandstones, which in turn releases silica to formation fluids. 
Moreover, if quartz overgrowths are not primary and were detrital, they should not vary as a 
function of distance from salt but rather should be homogenous.  
The quantity of albite in each transect is plotted against distance from the salt diapirs in 
Figure 28. The initiation for the albitization of plagioclase has been shown to be approximately 
70 °C, which is greater than the temperature the vitrinite reflectance correlates to throughout 
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much of the transects and may again explain the near absence of albite within the transects 
(Perez and Boles, 2006). The graphs for Vimeiro, Caldas da Rainha, and Cela Velha show that the 
highest quantities of albite are near salt, while the lowest quantities are found at increasing 
distances from salt. Decreasing albite with increasing distance from the diapirs is in agreement 
with the vitrinite and quartz cementation trends, in that it suggests decreasing temperature 
with increasing distance from the diapirs. However, as noted previously, high salinity formation 
waters due to the dissolution of nearby salt can decrease the stability of feldspars and may 
promote dissolution (Worden and Morad, 2000). However, Perez and Boles (2006) suggested 
that while fluid chemistry is important, temperature was the dominant control on the 
precipitation of albite. Thus, trends in albitization are interpreted as the result of changing 
geothermal gradient with respect to proximity to salt. Again, it should be noted that the 
absolute change in abundance of albite is between 1% to 2% of the bulk rock volume in each 
transect. This relatively small change in magnitude begs the question as to whether any 
decreasing trend is a function of temperature and proximity to salt or coincidental as a +/- 1% 
change is within the standard deviation of depositional values.  
Several samples were sent to Mineralogy Inc. for a preliminary analysis to assess 
whether illite/smectite ratios would be a viable method to assess paleotemperatures near salt. 
No trend was found with regards to distance from salt in the illite/smectite mixed layer clays. 
The ratios of illite to smectite, ranging from 50% to 75%, correlate to burial depths greater than 
expected in the Central Lusitanian Basin and temperatures higher than the temperatures which 
correlate with the vitrinite data (Pollastro, 1993) (Table 13). Pollastro (1993) documented up to 
40% variations in the illite/smectite ratio within one unit over the course of 10 m and noted that 
illite/smectite ratios are commonly heterogeneous within rocks. Therefore, to successfully apply 
illite/smectite ratios as a geothermometer, a baseline needs to be established within a unit. 
  
28 
 
Because no samples were collected that were not adjacent to salt, a baseline from this dataset 
could not be established. Thus, these changes in illite to smectite are hypothesized to be a 
function of depositional environment and are not discussed further. 
 
Bufarda Transect 
Vitrinite reflectance values for the Bufarda transect are plotted against distance from 
the Bufarda diapir in Figure 25. The graph shows that the highest vitrinite values were found 
farthest from the diapir, while the lowest values were found closest to the diapir (Figure 25). 
Based upon the assumption that there were similar burial depths for the Abadia and Alcobaca 
Formation in the transect area, there must have been lateral changes in geothermal gradient 
with respect to distance from the Bufarda diapir when the vitrinite underwent diagenesis. 
These findings are surprising in that they are the opposite of what is found in the other 
three transects, where the highest vitrinite values are found closest to the diapir. Suppressed 
temperatures near a diapir can be found in sediments that are either in a lower flank position or 
when they are adjacent to a diapir that is exposed at the surface of the Earth (Figure 2, Figure 
29). Therefore, the vitrinite data can be used to suggest that these sediments reached maximum 
burial and their corresponding highest temperature in either a lower flank position relative to 
the Bufarda salt diapir, while the diapir was exposed at the surface, or in a lower flank position 
next to an exposed diapir. In order for any of these scenarios to be achieved, diapir growth 
would have had to have continued at the Bufarda diapir after the latest Late Jurassic tectonic 
rifting event during which salt pillow growth is assumed to have significantly slowed or stopped 
due to the relatively minor deposition of overburden during the Cretaceous and early Tertiary. 
Moreover, the Bufarda transect has the highest average Ro, 0.60. This higher average indicates 
either deeper burial of sediments within the transect area compared to other transects or a 
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higher geothermal gradient within the area. If this transect was buried deeper than the other 
transects, it is plausible that increased deposition contributed to diapir growth. The diapir may 
have reached the surface prior to the Miocene or grew enough to place the Upper Jurassic 
sediments in a lower flank position. However, the current dataset does not allow for 
differentiation between these differing interpretations.  
Hunt's (1996) vitrinite correlation chart indicates that temperatures proximal to salt 
were less than 50 °C (Figure 26). Meanwhile, temperatures unaffected by salt ranged from 50 to 
70 °C (Figure 26). These temperatures indicate that the initiation temperature for significant 
quartz cementation or albitization of plagioclase was not reached and may again explain the 
near absence of either of these diagenetic products within the transect. 
The quantities of quartz cement and albite within the Bufarda transect are plotted 
against distance in Figure 27 and Figure 28. Neither diagenetic product displays a trend that can 
be correlated to distance from salt. As previously discussed, saline fluids from dissolution of the 
adjacent diapir should have contributed to feldspar instability which resulted in a favorable 
environment for albite formation and quartz cementation. As in the other transect areas, the 
relatively low quantities of the temperature controlled diagenetic products supports the 
hypothesis that the Upper Jurassic sediments were shallowly buried and never reached 
temperatures high enough for significant diagenesis.  
All Transects 
Because thermal conductivity of sedimentary rocks is a function of porosity, where 
decreased porosity leads to increased thermal conductivity, plots of vitrinite reflectance and 
porosity from petrographic data were plotted against distance (Figure 30). Large changes in 
porosity could result in increased thermal conductivity and thus higher Ro values (Figure 1). 
However, no consistent trend exists between porosity and Ro values within the transects. The 
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highest Ro value in the Vimeiro transect is associated with the sample with the lowest porosity, 
but it is also the sample closest to salt, where temperatures are expected to be highest. 
Moreover, the main control on porosity in all the transects is carbonate cement, which 
petrographic relationships indicate formed late in the diagenetic history, possibly after vitrinite 
underwent diagenesis. In addition, the highest Ro values in the Caldas da Rainha and Cela Velha 
transect are associated with sandstones that contain high porosities, and suggest that changes 
in porosity are a second order control on the thermal anomalies found near salt. A change in 
porosity of 5-10% results in a change in thermal conductivity of 10-25% for a given lithology 
(Figure 1). Thermal anomalies around salt arise due to a contrast in thermal conductivity that is 
in the 200% to 300% range. Therefore, these results are in keeping with the idea that changes in 
porosity of a few percent should exert minimal effects on thermal anomalies. 
Because understanding reservoir quality preservation or destruction near salt was a key 
goal of this study, plots showing calcite cement, kaolinite cement, clay cement, total cement, 
and porosity versus distance from salt structures for each transect were plotted using the 
petrography and QEMSCAN data. The plots are shown in Appendices (5-12). Two discrepancies 
arise between the petrography and QEMSCAN data. The first discrepancy regards clay cement 
and micas. The cements that were called clay cements during point counting, were identified as 
micas within the QEMSCAN analysis. Therefore, micas are considered to be clay cements and 
are included in calculations of total cement in QEMSCAN plots. The second discrepancy regards 
hematite cement quantified during point counting. The QEMSCAN analysis, which identifies 
minerals based upon their spectra, revealed that there was typically less than 1% of any iron 
oxide minerals, which means that hematite cement was incorrectly identified during point 
counting. The resultant difference was typically accounted for by an increase in carbonate 
cement, chlorite cement, and more rarely clay cement by the QEMSCAN analysis. For example, 
  
31 
 
sample 19 was point counted as having 51% framework grains, 2% porosity, 14% matrix sized 
material, 19% carbonate cement, and 13% hematite cement by volume. Meanwhile, QEMSCAN 
of sample 19 contained 61% framework grains, <1% porosity, 23% calcite, 1% kaolinite, 1% 
chlorite, and 5% micas by volume. The 13% hematite that was point counted, but which was 
absent in the QEMSCAN analysis was accounted for by an increase in calcite and micas. In 
general, the petrographic and QEMSCAN data were in agreement to within a few percent.  
No trends within individual cements as a function of distance from salt were observed. 
However, carbonate cement appears to be the primary control on porosity (Figure 31). Samples 
lacking carbonate cement typically had porosities ranging from 10% to 20%, while samples 
containing carbonate cement had negligible porosity.  
The source of Ca+ for the precipitation of carbonate cement may be explained by any of 
three scenarios. First, carbonate units that were deposited on topographic highs over growing 
salt pillows during the Jurassic may have been shed into the adjacent Gres Superiores Formation 
clastic depositional system (Alves et al., 2003). These carbonate clasts could then have been 
dissolved and precipitated as carbonate cement. Second, fluid-rock interaction between the 
Gres Superiores Formation and any of the underlying Lower - Middle Jurassic carbonate units 
could have transported Ca+ to the overlying clastic units where it then precipitated as carbonate 
cement. Third, fluids interacting with caprock associated with the salt diapir may have 
transported dissolved caprock components away from the diapir into the Gres Superiores during 
growth of the diapir, similar to the study by McManus and Hanor (1988). Unfortunately, the 
current dataset does not allow for differentiation or preference between any of these scenarios. 
However, the timing of the precipitation of the carbonate cement can be constrained to a late 
diagenetic event by the repeated observation of carbonate cement surrounding quartz 
overgrowths in each transect (Figure 17).  
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CHAPTER 8 
DISCUSSION 
Due to the ambiguity of the petrography results, discussion of the effect of salt diapirs in 
the Lusitanian Basin on thermally controlled diagenesis in adjacent sediments is primarily based 
upon vitrinite reflectance. As previously stated, conversion of vitrinite reflectance values to 
temperature in Celsius indicates that the temperature required for quartz cementation and 
albitization may have never been reached in the Upper Jurassic Gres Superiores and equivalent 
formations within the Central Lusitanian Basin. However, in higher temperature settings, the 
quantity of quartz cement and albite may still prove to be useful indicators of paleotemperature 
in sediments adjacent to diapirs.  
 
Thermal Anomaly Size 
Previously published numerical models hypothesize that the size of thermal anomalies 
around salt are a function of diapir width, diapir burial depth, and height of the salt diapir 
(O'Brien and Lerche, 1984; Vizgirda et al., 1985; O'Brien and Lerche, 1988; Mello et al., 1995). 
These numerical models predict that the thermal anomaly is confined to one salt diapir radii 
away from the salt-sediment interface (O'Brien and Lerche, 1984, 1988). The distance that 
separates elevated or suppressed vitrinite values from what are interpreted as regional values is 
taken to be the size of the thermal anomaly at each transect (Figure 25). The sizes of the 
interpreted thermal anomalies relative to the preserved measured diapir radii are reported in 
Figure 32. The thermal anomaly to radius ratios suggest that the diapirs have an influence on the 
surrounding geothermal gradients that ranges from 0.59 to 4.17 salt radii. However, it should be 
noted that the measured diapir radii are the modern widths of the diapirs at the Earth's surface 
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and the diapirs may have been wider before the Miocene compressional event which led to salt 
evacuation. Thus, the thermal anomaly to radius ratios should be considered maximum values. 
Assuming that the diapirs at each of these locations have similar heights, the wide 
variance of these results do not agree with the previously published numerical models that 
predict a 1 times the salt diapir radius anomaly (O'Brien and Lerche, 1984; O'Brien and Lerche, 
1988). Rather, these data indirectly suggest that the variable with the largest impact may be 
diapir burial depth (Figure 33). O'Brien and Lerche (1984) modeled wider anomalies with smaller 
magnitudes with increasing diapir burial depth, and narrow anomalies with larger magnitude 
around more shallowly buried diapirs. The Vimeiro, Caldas da Rainha, and Cela Velha have diapir 
widths ranging from 0.24 km to 2.53 km, and yet all have anomalies between 1 km and 1.5 km 
away from the salt-sediment interface. The variance in anomaly size from 1 km to 1.5 km may 
be explained by slight differences in diapir burial depth (Figure 33). The Caldas da Rainha and 
Cela Velha transects are separated by several kilometers along the strike of the Caldas da Rainha 
diapir and thus are interpreted as having the most similar burial histories. The similarity in 
thermal anomaly size, 1.5 km and 1.3 km, despite large differences in diapir width at these two 
transects, may suggest slight changes in burial depth of the diapir at each location (Figure 33a, 
b). Moreover, the average vitrinite value is higher at Cela Velha than at Caldas da Rainha, which 
may indicate deeper burial of sediments which caused evacuation of salt at depth and 
contributed to diapir growth towards the surface at Cela Velha. Conversely, the 1 km thermal 
anomaly width at the Vimeiro diapir may indicate that the diapir was buried to a shallower 
depth than the Caldas da Rainha diapir at the location of the Caldas da Rainha and Cela Velha 
transects, and thus had a narrower thermal anomaly associated with it (Figure 33b).  
An alternative hypothesis that can't be tested is that the diapir widths at the transects 
were significantly different in the geologic past. If the width of the diapir at Cela Velha was 
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larger and similar to the modern width of the diapir at Caldas da Rainha, then perhaps that 
would explain the similarity in thermal anomaly size despite the large difference in modern 
diapir widths. Moreover, the Vimeiro diapir, which has an anomaly to diapir width ratio of 4.17, 
could have had an anomaly to width ratio closer to one if the width of the Vimeiro diapir was 4x 
larger prior to Miocene deformation. 
 The size of the thermal anomaly at the Bufarda transect was less than 1 salt diapir radii, 
which does not agree with either the previously published models or the 1 km to 1.5 km 
anomaly predicted by the other three transects if it was deposited in an upper flank position 
(Figure 32). Mello et al. (1995) and O'Brien and Lerche (1984) reported that the more shallowly 
buried a diapir was, the more efficiently salt conducted heat away from sediments both below 
salt and along the flanks of the salt structure. Therefore, if the Bufarda diapir was exposed or 
very near the surface of the Earth at the time when the Abadia and Alcobaca surface were at 
their maximum depth of burial as previously suggested, heat may have been efficiently 
transported from depth and along the flanks of the diapir towards the surface, which resulted in 
a negative thermal anomaly that was also smaller in lateral extent than the other transects 
(Figure 29, Figure 33c). Conversely, if the Abadia and Alcobaca Formations in the area of the 
transect were buried enough to be in a lower flank position at their maximum burial depth, then 
perhaps salt wicks away heat so efficiently that thermal anomalies in lower flank positions are 
smaller in lateral extent than previously hypothesized. 
Predicting the size of thermal anomalies around salt structures does not appear to rely 
on diapir width nor have a clear correlation that will enable exact prediction in the future. 
However, for shallowly buried diapirs such as those found within the Central Lusitanian Basin, it 
appears that thermal anomalies were localized and did not affect diagenesis in sediments more 
than 1.5 km away from the salt-sediment interface.  
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Thermal Anomaly Magnitude 
In order to better calibrate diagenesis models that rely on accurate temperature 
measurements, it is necessary to discuss the magnitude of temperature change associated with 
observed thermal anomalies around salt. The Caldas da Rainha and Cela Velha transects both 
showed similar changes in magnitude of temperatures using Hunt's (1996) vitrinite correlation 
chart and the vitrinite reflectance data (Figure 25, Figure 26). The effect of salt at both of these 
transects was a positive anomaly of approximately 20 °C near salt, which decreased with 
increasing distance from salt in sediments of similar burial depth until regional values were 
reached. The Vimeiro transect displayed the highest change in magnitude, with a vitrinite high 
of 0.92 near the diapir, while regional values were approximately 0.45. The correlative change in 
temperature using Hunt's (1996) vitrinite correlation chart is a thermal anomaly approximately 
45°C higher near salt than in sediments farther from salt at the same burial depth. A thermal 
anomaly that is larger in magnitude and narrower in lateral extent is predicted above salt and 
along the upper flanks by O'Brien and Lerche (1984) when diapirs are buried more shallowly, 
which is in agreement with the smaller sized, but higher magnitude, anomaly found at Vimeiro 
compared to the Cela Velha and Caldas da Rainha transects (Figure 33b). These results are in 
keeping with previously published numerical models, where positive anomalies have been 
modeled as high as 35 °C hotter above salt and along the upper flanks of salt diapirs relative to 
sediments at the same depth that are not affected by salt (O'Brien and Lerche, 1984; Vizgirda et 
al., 1985; O'Brien and Lerche, 1988). Furthermore, converting the vitrinite reflectance values for 
the Bufarda transect to temperature, a negative anomaly of approximately 20 °C was found near 
salt. These findings are in very close agreement with Mello et al.'s (1995) model of a diapir that 
was exposed at the surface (Figure 29).  
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A temperature change of several tens of degrees in Celsius can have significant impacts 
on diagenesis and maturation of hydrocarbons in sedimentary rocks near salt. In Walderhaug's 
(1994a) study, sandstones cemented by quartz at 100 °C had porosities around 25%, while 
sandstones cemented by quartz at temperatures as high as 140 °C had porosities around 10%. 
Taylor et al. (2010) reported that quartz cementation increased exponentially with temperature, 
and increased by a factor of 5 between 70 °C and °100 C. Taylor et al. (2010) documented a 5% 
increase in quartz cementation in Gulf of Mexico sedimentary rocks unaffected by a thermal 
anomaly resulting from salt compared to rocks which were subsalt and 40 °C cooler. Moreover, 
Lopatin (1971) modeled thermal maturation of hydrocarbons and showed a doubling of reaction 
rate for every 10 °C, which means that thermal anomalies around salt can significantly impact 
hydrocarbon generation or preservation models near salt. 
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CHAPTER 9 
CONCLUSION 
The data from this study reinforce the idea that salt structures can have a profound 
effect on diagenesis within adjacent sedimentary rocks. Vitrinite reflectance proved to be a 
useful tool in determining the maximum paleotemperatures experienced by sediments adjacent 
to salt, and thus determining the size and magnitude of the thermal anomalies associated with 
different salt structures. The size and magnitude of thermal anomalies in sedimentary rocks in 
the Central Lusitanian Basin seems to primarily be a function of diapir burial depth or the 
amount of overburden separating the top of the salt structure for the surface of the Earth when 
the sediments reached their maximum burial depth. Furthermore, the size and magnitude of 
thermal anomalies may be used to indirectly reconstruct the structural evolution of a diapir and 
decipher as to when it may have been exposed at the surface of the Earth. Finally, while no 
consistent relationship between diapir width and thermal anomaly size could be inferred, 
thermal anomalies in all four transects were under 1.5 km. Consequently, future modelers of 
thermal anomalies or diagenesis around salt may find smaller ranges of influence than 
previously hypothesized, even near very large diapirs. 
The Vimeiro, Caldas da Rainha, and Cela Velha transects are examples of how a salt 
structure can enhance the thermal maturity in adjacent sedimentary rocks and support the 
hypothesis that the Gres Superiores Formation in these areas was deposited above a salt pillow 
and reached maximum paleotemperature in a suprasalt or upper flank position. The Bufarda 
transect is an example of suppressed temperatures near salt and lends to ambiguity as to 
whether the Abadia and Alcobaca Formations in this area reached maximum paleotemperatures 
in an upper flank position relative to an exposed diapir, or whether they were buried to greater 
depths and evolved in a lower flank position as coeval salt diapirism continued to occur. 
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Quartz cementation and albitization of feldspars proved to be inconclusive in elucidating 
the paleothermal anomaly associated with the Gres Superiores Formation. The Gres Superiores 
Formation never reached temperatures high enough for the onset of significant quartz 
cementation or albitization even in sediments proximal to salt structures. These tools could 
prove useful in determining size and magnitude of thermal anomalies around salt structures in 
sedimentary units that were buried to deeper depths and thus experienced higher 
temperatures.  
A better understanding of thermal anomalies around salt is of primary interest to the 
hydrocarbon industry. Thermal anomalies may impact prospectivity by their impact on reservoir 
preservation or destruction and maturation of organic matter which produces hydrocarbons. 
Because quartz cementation is temperature driven and one of the primary causes of porosity 
loss in quartzose sandstones, understanding where it is likely to occur is extremely important for 
reconstructing the history of hydrocarbon storage and migration in potential reservoirs. 
Moreover, since the generation of hydrocarbons is a temperature controlled chemical reaction, 
size and magnitude of thermal anomalies have significant implications concerning estimates of 
hydrocarbon volumes.  
There is still a large amount of work to be done to determine if more predictive 
techniques can be found that establish firm rules as to the extent and magnitude of thermal 
anomalies around salt. This work will have to incorporate high quality subsurface data such as 
seismic and rock properties in wells adjacent to deeply buried salt structures.   
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TABLES 
Table 1. Vitrinite reflectance values for Vimeiro transect. 
 
 
Table 2. Vitrinite reflectance values for Bufarda transect. 
Sample #
Distance 
from salt 
(km)
Vitrinite 
reflectance 
(%Ro)
Standard 
deviation
Count
Confidence    
(95%)
Sample 
Type
1 0.04 0.92 0.06 19 0.03 Outcrop
5 0.78 0.72 0.07 10 0.05 Outcrop
11 4.34 0.51 0.05 16 0.02 Outcrop
12 5.21 0.38 0.04 3 0.10 Outcrop
14 5.07 0.50 0.04 3 0.09 Outcrop
16 1.29 0.42 0.05 3 0.11 Outcrop
Whole rock vitrinite reflectance results for Vimeiro samples
Sample #
Distance 
from salt 
(km)
Vitrinite 
reflectance 
(%Ro)
Standard 
deviation
Count
Confidence    
(95%)
Sample 
Type
17 0.16 0.39 0.03 10 0.02 Outcrop
20 0.03 0.58 0.04 7 0.03 Outcrop
21 0.43 0.45 0.00 1 0.00 Outcrop
24 0.85 0.66 0.04 4 0.07 Outcrop
25 1.5 0.51 0.02 5 0.03 Outcrop
27 2.48 0.47 0.04 5 0.05 Outcrop
29 2.09 0.51 0.04 10 0.03 Outcrop
31 3.22 0.67 0.04 14 0.03 Outcrop
33 3.83 0.87 0.08 4 0.12 Outcrop
Whole rock vitrinite reflectance results for Bufarda transect
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Table 3. Vitrinite reflectance values for Caldas da Rainha transect.  
 
  
Sample #
Distance 
from salt 
(km)
Vitrinite 
reflectance 
(%Ro)
Standard 
deviation
Count
Confidence    
(95%)
Sample 
Type
35 0.9 0.62 0.04 10 0.03 Outcrop
38 0.64 0.00 0.00 0 0.00 Outcrop
40 0.38 0.52 0.03 11 0.02 Outcrop
42 0.74 0.55 0.04 11 0.03 Outcrop
43 1.26 0.52 0.05 13 0.03 Outcrop
46 1.83 0.45 0.04 12 0.03 Outcrop
49 3.28 0.00 0.00 0 0.00 Outcrop
50 3.93 0.00 0.00 0 0.00 Outcrop
53 4.47 0.42 0.06 6 0.06 Outcrop
54 6.26 0.51 0.05 8 0.05 Outcrop
56 7.03 0.43 0.05 7 0.05 Outcrop
59 9.98 0.39 0.02 7 0.02 Outcrop
61 10.2 0.00 0.00 0 0.00 Outcrop
62 2.65 0.41 0.03 3 0.06 Outcrop
63 4.2 0.44 0.04 8 0.03 Outcrop
66 4.61 0.34 0.03 5 0.04 Outcrop
68 6.49 0.34 0.03 6 0.03 Outcrop
70 8.37 0.00 0.00 0 0.00 Outcrop
72 10.35 0.34 0.03 4 0.04 Outcrop
74 12.1 0.39 0.05 11 0.03 Outcrop
77 12.3 0.44 0.04 10 0.03 Outcrop
Whole rock vitrinite reflectance results for Caldas da Rainha transect
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Table 4. Vitrinite reflectance values for Cela Velha transect. 
  
Sample #
Distance 
from salt 
(km)
Vitrinite 
reflectance 
(%Ro)
Standard 
deviation
Count
Confidence    
(95%)
Sample 
Type
78 0.04 0.50 0.00 1 0.00 Outcrop
81 0.27 0.73 0.10 9 0.08 Outcrop
83 0.36 0.17 0.00 1 0.00 Outcrop
84 0.78 0.68 0.04 5 0.05 Outcrop
87 1.23 0.59 0.03 4 0.05 Outcrop
89 1.62 0.55 0.00 1 0.00 Outcrop
91 2.29 2.88 0.00 1 0.00 Outcrop
94 4.87 0.70 0.05 9 0.04 Outcrop
97 5.30 0.16 0.00 1 0.00 Outcrop
99 3.06 0.00 0.00 0 0.00 Outcrop
101 2.98 0.00 0.00 0 0.00 Outcrop
105 5.58 0.56 0.03 3 0.08 Outcrop
106 1.75 0.63 0.05 7 0.05 Outcrop
Whole rock vitrinite reflectance results for Cela Velha transect
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Table 5. Raw point count data converted to percentages for Vimeiro transect.  
  
Sample #
Distance 
from Salt 
(km)
Framework 
Grains
Porosity Matrix
Carbonate 
Cement
Hematite 
Cement
Clay 
Cement
Quartz 
Cement
Opaque 
Globule
Kaolinite 
Cement
Unknown
Unknown 
Cement
Total 
Cement
2 0.04 45.0 4.7 3.3 22.3 18.0 0.7 3.3 0.0 2.7 0.0 0.0 47.0
3 0.29 63.3 14.0 4.7 10.3 1.3 0.3 4.3 0.0 1.7 0.0 0.0 18.0
4 0.53 66.0 21.3 1.3 0.3 0.3 4.0 3.3 0.0 3.3 0.0 0.0 11.3
6 0.78 52.0 21.7 9.0 0.0 3.7 1.7 3.0 0.0 9.0 0.0 0.0 17.3
8 1.08 57.3 15.3 7.7 0.7 0.3 11.0 3.3 0.0 4.0 0.0 0.3 19.7
9 2.03 63.3 23.0 9.7 0.0 1.3 1.7 0.3 0.0 0.0 0.7 0.0 3.3
10 4.34 56.3 20.7 5.0 0.0 0.3 0.3 2.3 0.0 14.0 1.0 0.0 17.0
13 5.21 42.3 11.7 8.0 21.7 3.3 0.3 1.0 0.0 11.7 0.0 0.0 38.0
15 5.07 58.3 15.7 11.7 0.0 4.3 0.3 0.3 0.0 9.3 0.0 0.0 14.3
Mean - 56.0 16.4 6.7 6.1 3.7 2.3 2.4 0.0 6.2 0.2 0.0 20.7
Standard 
Deviation
- 8.2 5.9 3.3 9.6 5.6 3.5 1.5 0.0 4.9 0.4 0.1 13.5
Vimeiro Percentages
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Table 6. Raw point count data converted to percentages for Bufarda transect. 
 
Sample #
Distance 
from salt 
(km)
Framework 
Grains
Porosity Matrix
Carbonate 
Cement
Hematite 
Cement
Clay 
Cement
Quartz 
Cement
Opaque 
Globule
Kaolinite 
Cement
Unknown
Unknown 
Cement
Total 
Cement
18 0.16 64.0 22.7 4.0 0.0 6.7 0.7 2.0 0.0 0.0 0.0 0.0 9.3
19 0.03 51.0 2.0 14.0 19.3 13.3 0.0 0.3 0.0 0.0 0.0 0.0 33.0
22 0.43 61.8 14.4 5.2 0.0 6.2 9.8 1.8 0.0 0.8 0.0 0.0 18.6
23 0.62 57.8 16.0 2.8 0.2 11.2 6.8 4.0 0.0 1.2 0.0 0.0 23.4
26 1.50 60.0 14.0 5.7 0.0 18.3 0.0 2.0 0.0 0.0 0.0 0.0 20.3
28 2.48 61.2 5.6 6.6 15.2 0.2 0.2 2.0 0.8 6.2 0.6 1.4 25.2
30 2.09 54.8 9.0 13.2 0.0 15.8 2.8 1.2 0.0 2.0 1.2 0.0 21.8
32 3.22 42.7 1.3 12.7 39.7 2.7 0.0 1.0 0.0 0.0 0.0 0.0 43.3
34 3.83 63.3 10.3 8.3 10.0 6.3 0.7 0.7 0.0 0.3 0.0 0.0 18.0
Mean - 57.4 10.6 8.1 9.4 9.0 2.3 1.7 0.1 1.2 0.2 0.2 23.7
Standard 
Deviation
- 6.9 7.0 4.2 13.6 6.1 3.6 1.1 0.3 2.0 0.4 0.5 9.7
Bufarda Percentages
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Table 7. Raw point count data converted to percentages for Caldas da Rainha transect.  
 
  
Sample #
Distance 
from Salt 
(km)
Framework 
Grains
Porosity Matrix
Carbonate 
Cement
Hematite 
Cement
Clay Cement
Quartz 
Cement
Opaque 
Globule
Kaolinite 
Cement
Unknown
Unknown 
Cement
Total Cement
36 0.90 58.3 24.7 4.3 0.0 2.7 2.7 0.0 0.0 7.4 0.0 0.0 12.7
37 0.64 59.0 23.3 4.7 0.0 5.3 1.0 2.0 0.0 4.7 0.0 0.0 13.0
39 0.38 55.7 14.7 7.0 0.0 13.3 5.7 2.7 0.0 1.0 0.0 0.0 22.7
41 0.74 58.8 22.8 2.6 0.0 0.2 8.8 2.2 0.2 4.4 0.0 0.0 15.6
44 1.26 55.3 13.3 6.7 0.3 6.7 3.3 3.0 0.0 11.3 0.0 0.0 24.7
45 1.77 57.7 19.3 5.7 0.0 1.3 8.3 1.7 0.0 6.0 0.0 0.0 17.3
47 3.01 55.0 23.7 0.0 0.0 0.0 20.0 1.3 0.0 0.0 0.0 0.0 21.3
48 3.42 52.7 17.7 3.7 0.0 4.7 11.7 2.3 0.0 7.3 0.0 0.0 26.0
51 3.93 15.3 0.3 4.0 57.3 22.0 0.0 0.0 0.0 0.3 0.0 0.7 80.3
52 4.47 63.3 10.7 1.3 17.7 0.0 0.3 1.7 0.0 5.0 0.0 0.0 24.7
55 6.26 49.7 19.3 18.7 0.0 9.0 2.7 0.7 0.0 0.0 0.0 0.0 12.3
57 8.76 56.7 21.0 2.3 0.0 0.7 8.7 1.3 0.0 9.3 0.0 0.0 20.0
58 9.98 61.0 21.7 5.3 0.0 0.0 9.3 1.3 0.0 1.3 0.0 0.0 12.0
60 10.40 34.0 16.7 2.0 0.0 21.3 24.7 1.0 0.0 0.3 0.0 0.0 47.3
64 4.20 33.3 7.7 49.7 0.0 2.3 2.7 3.0 0.0 1.3 0.0 0.0 9.3
65 4.61 64.0 17.0 2.3 0.0 0.3 7.0 1.7 0.0 7.7 0.0 0.0 16.7
67 5.53 57.7 25.3 5.0 0.0 4.3 0.7 0.3 0.0 6.7 0.0 0.0 12.0
69 6.49 64.3 13.0 4.0 4.3 0.0 0.3 2.0 0.0 12.0 0.0 0.0 18.7
71 8.37 58.3 20.0 5.7 0.7 1.0 0.0 1.3 0.0 13.0 0.0 0.0 16.0
73 10.35 58.3 0.0 0.0 32.7 8.3 0.0 0.0 0.0 0.7 0.0 0.0 41.7
75 12.10 55.0 19.7 3.7 0.0 2.3 7.0 1.0 0.0 11.3 0.0 0.0 21.7
76 12.30 42.0 26.7 4.7 0.0 8.7 1.7 3.7 0.0 12.7 0.0 0.0 26.7
Mean - 53.0 17.2 6.5 5.1 5.2 5.7 1.6 0.0 5.6 0.0 0.0 23.3
Standard 
Deviation
- 11.9 7.3 10.3 14.0 6.5 6.5 1.0 0.0 4.6 0.0 0.1 15.8
Caldas da Rainha Point Counts
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Table 8. Raw point count data converted to percentages for Cela Velha transect.  
Sample #
Distance 
from Salt 
(km)
Framework 
Grains
Porosity Matrix
Carbonate 
Cement
Hematite 
Cement
Clay Cement
Quartz 
Cement
Opaque 
Globule
Kaolinite 
Cement
Unknown
Unknown 
Cement
Total 
Cement
79 0.04 45.7 0.3 38.7 11.3 3.3 0.0 0.0 0.7 0.0 0.0 0.0 14.7
80 0.27 58.0 25.3 3.3 0.0 11.0 0.0 2.3 0.0 0.0 0.0 0.0 13.3
82 0.36 43.3 0.0 13.7 30.0 8.0 0.3 4.7 0.0 0.0 0.0 0.0 43.0
85 0.78 51.0 2.0 2.7 37.0 6.0 0.0 1.3 0.0 0.0 0.0 0.0 44.3
86 1.23 61.2 18.4 4.6 0.0 10.8 2.8 1.6 0.0 0.6 0.0 0.0 15.8
88 1.62 65.0 21.0 3.3 0.0 3.3 5.3 1.7 0.0 0.3 0.0 0.0 10.7
90 1.81 57.0 24.7 3.7 0.0 1.0 10.7 1.3 0.0 1.7 0.0 0.0 14.7
92 2.29 53.3 27.3 4.0 0.3 2.7 9.3 2.3 0.0 0.7 0.0 0.0 15.3
93 2.91 53.6 23.6 5.0 0.0 3.6 0.0 2.0 0.8 0.2 0.0 11.2 17.0
95 4.87 47.3 0.3 2.3 37.0 11.0 0.3 1.3 0.0 0.3 0.0 0.0 50.0
96 5.3 51.3 10.7 2.0 16.7 12.3 0.0 5.0 0.0 2.0 0.0 0.0 36.0
98 3.06 40.7 10.7 12.7 16.7 13.0 0.7 1.0 0.0 4.7 0.0 0.0 36.0
100 2.98 61.7 26.0 2.7 0.0 2.7 0.7 5.3 0.0 1.0 0.0 0.0 9.7
102 3.74 59.7 20.3 0.7 0.0 8.0 5.3 2.0 0.0 4.0 0.0 0.0 19.3
104 5.58 41.8 1.4 11.2 36.6 4.6 0.0 2.6 0.0 1.2 0.6 0.0 45.0
Mean - 52.7 14.1 7.4 12.4 6.8 2.4 2.3 0.1 1.1 0.0 0.7 25.7
Standard 
Deviation
- 7.7 10.9 9.5 15.5 4.1 3.6 1.5 0.3 1.5 0.2 2.9 14.7
Cela Velha Percentages
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Table 9. QEMSCAN results in percent for Vimeiro transect. 
Sample #
Distance from 
salt (km)
Quartz K-Spar Plagioclase Albite Calcite Dolomite Kaolinite Micas Chlorite Porosity
2 0.04 37.27 15.02 12.58 1.82 19.14 0.00 4.10 5.78 0.96 0.84
3 0.29 38.31 20.73 10.07 2.15 7.45 0.00 2.98 5.81 1.10 10.21
4 0.53 56.16 17.15 4.88 0.93 0.00 0.00 2.36 3.42 0.90 13.73
6 0.83 43.97 19.65 6.70 1.01 0.06 0.00 4.99 6.10 1.26 14.47
8 1.08 46.14 25.76 3.79 2.24 0.19 0.00 1.27 3.79 0.74 15.35
9 2.03 48.51 29.96 4.83 1.64 0.01 0.00 0.62 2.70 0.35 10.95
10 4.34 42.53 22.18 2.41 0.56 0.00 0.00 9.41 4.46 0.33 17.21
13 5.21 33.67 19.28 5.61 1.20 2.40 13.70 4.50 8.02 1.01 8.99
15 5.07 40.330 22.060 2.650 0.812 0.009 0.000 7.520 7.390 0.420 17.630
Mean - 42.989 21.311 5.947 1.373 3.251 1.522 4.194 5.274 0.785 12.153
Standard 
Deviation
-
6.740 4.472 3.391 0.608 6.447 4.567 2.854 1.809 0.345 5.206
QEMSCAN Results - Vimeiro 
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Table 10. QEMSCAN results in percent for Bufarda transect.  
 
  
Sample #
Distance from 
salt (km)
Quartz K-Spar Plagioclase Albite Calcite Dolomite Kaolinite Micas Chlorite Porosity
18 0.16 43.420 16.150 9.330 3.150 0.023 0.000 0.900 5.084 1.650 18.420
19 0.03 39.784 11.798 9.804 2.060 23.396 0.003 1.379 5.173 0.859 0.859
22 0.43 50.420 22.701 2.200 0.240 0.000 0.000 5.530 5.535 3.640 9.270
23 0.62 54.630 14.530 2.410 0.271 0.003 0.000 5.240 3.007 3.180 15.770
26 1.50 46.560 17.640 6.350 2.190 0.013 0.000 2.330 3.703 1.590 18.290
28 2.48 34.210 16.140 10.250 2.380 11.310 0.003 2.560 7.130 1.390 13.140
30 2.09 40.470 20.340 11.800 3.490 0.004 0.000 2.930 6.918 2.080 10.650
32 3.22 43.827 13.336 11.767 1.179 17.696 0.054 2.594 4.688 1.176 0.315
34 3.83 41.160 17.270 8.560 1.400 8.570 7.800 3.415 5.603 1.160 3.560
Mean - 43.831 16.656 8.052 1.818 6.779 0.873 2.986 5.205 1.858 10.030
Standard 
Deviation - 5.725 3.182 3.442 1.083 8.487 2.449 1.470 1.260 0.898 6.688
QEMSCAN Results - Bufarda
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Table 11. QEMSCAN results in percent for Caldas da Rainha transect. 
Sample #
Distance from 
salt (km)
Quartz K-Spar Plagioclase Albite Calcite Dolomite Kaolinite Micas Chlorite Porosity
36 0.90 60.290 22.480 0.580 0.088 0.000 0.000 2.870 3.886 1.180 8.220
37 0.64 45.880 25.580 2.190 0.973 0.017 0.000 2.860 3.253 0.963 17.520
39 0.38 43.628 16.915 2.828 0.658 0.003 0.000 7.200 6.390 5.125 14.540
41 0.74 44.905 23.165 1.550 0.936 0.044 0.000 2.273 2.651 0.368 23.740
44 1.26 35.060 23.451 4.620 2.520 0.006 0.000 6.140 11.480 2.813 12.930
45 1.77 48.690 20.905 2.375 0.467 0.000 0.000 3.930 4.771 3.237 14.640
47 3.01 82.460 7.630 2.180 0.164 0.005 0.000 1.702 1.361 0.005 3.780
48 3.42 53.980 18.740 1.373 0.341 0.014 0.000 4.280 4.330 0.671 15.440
51 3.93 19.890 9.230 9.657 0.352 46.782 1.666 3.793 6.102 1.644 0.022
52 4.47 56.830 18.700 1.560 0.186 9.790 0.000 1.390 2.030 0.343 8.420
55 6.26 40.510 22.431 4.390 0.711 0.003 0.000 2.760 9.129 4.620 14.380
57 8.76 45.620 21.810 1.790 0.568 0.003 0.000 6.980 3.590 0.351 18.430
58 9.98 60.300 14.890 2.360 0.453 0.000 0.000 3.445 2.640 0.793 14.610
60 10.40 51.990 11.550 1.930 0.068 0.000 0.000 7.599 4.651 14.200 6.320
64 4.20 62.550 17.540 3.870 0.790 0.003 0.000 0.164 1.276 0.000 13.690
65 4.61 52.800 19.266 2.060 0.511 0.032 0.000 5.360 4.769 0.820 13.520
67 5.53 55.120 17.070 1.260 0.402 0.008 0.000 6.213 6.130 1.362 10.220
69 6.49 47.840 18.430 1.634 0.456 2.520 0.189 4.340 5.629 1.035 16.830
71 8.37 51.580 18.240 1.930 0.329 0.535 0.000 7.470 4.260 0.482 14.203
73 10.35 35.942 16.649 4.460 0.158 26.682 5.279 2.714 4.471 0.449 0.013
75 12.10 50.630 13.820 2.700 0.467 0.003 0.000 13.760 4.185 0.442 12.913
76 12.30 51.090 11.780 3.050 0.450 0.000 0.000 15.290 3.946 2.567 10.110
Mean - 49.833 18.023 2.728 0.552 4.117 0.340 4.631 4.618 1.948 12.113
Standard 
Deviation -
12.354 4.673 1.932 0.518 11.505 1.189 2.987 2.411 3.152 5.914
QEMSCAN Results - Caldas da Rainha
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Table 12. QEMSCAN results in percent for Cela Velha transect. Averages and standard deviations exclude sample 79, which was identified by petrography as a 
carbonate packstone.  
 
  
Sample #
Distance from 
salt (km)
Quartz K-Spar Plagioclase Albite Calcite Dolomite Kaolinite Micas Chlorite Porosity
79 0.04 2.284 0.416 3.167 0.016 92.935 0.000 0.000 0.314 0.003 0.295
80 0.27 43.006 16.344 9.090 3.390 0.029 0.000 0.842 4.501 2.050 19.240
82 0.36 37.972 10.167 9.590 1.231 33.167 0.006 0.200 4.973 0.501 0.491
85 0.78 35.624 13.225 9.350 2.719 33.581 0.000 0.138 3.849 0.573 0.919
86 1.23 40.200 15.790 9.616 2.407 0.017 0.000 1.630 5.900 1.790 21.170
88 1.62 42.200 16.690 7.780 2.680 0.003 0.000 2.720 4.949 2.700 19.100
90 1.81 43.210 16.410 5.640 0.969 0.010 0.000 3.660 6.133 3.000 20.020
92 2.29 42.170 21.150 6.660 1.240 0.003 0.000 2.260 4.560 1.070 19.320
93 2.91 36.810 21.790 6.570 2.044 0.004 0.000 1.311 5.182 0.779 25.100
95 4.87 37.380 19.700 8.690 1.800 0.013 0.000 2.670 5.235 1.390 21.110
96 5.30 41.290 21.450 8.020 2.520 0.008 0.000 1.040 5.098 1.310 16.420
98 3.06 42.350 16.490 2.970 0.281 17.120 0.010 3.090 2.874 0.465 11.220
100 2.98 31.108 14.687 15.435 2.012 19.004 2.676 2.660 8.540 0.968 0.066
102 3.74 30.330 15.680 11.970 0.624 8.750 0.964 5.240 11.630 3.070 9.710
104 5.58 43.595 9.014 1.912 0.201 40.044 0.000 1.956 1.810 0.450 0.097
Mean - 36.635 15.267 7.764 1.609 16.313 0.244 1.961 5.037 1.341 12.285
Standard 
Deviation - 10.049 5.364 3.406 1.012 24.776 0.693 1.402 2.544 0.948 9.165
QEMSCAN Results - Cela Velha
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Table 13. X-ray diffraction results for mudstone samples analyzed.  
  
Transect
Sample ID 78 83 84 87 40 42 49
Mineral Constituents Chemical Formula
Quartz SiO2 23 11 10 21 46 35 58
Albite NaAlSi3O8 5 2 3 8 5 1 trc
Microcline KAlSi3O8 5 trc 1 3 8 4 4
Calcite CaCO3 9 61 28 21 1
Dolomite (Ca,Mg)(CO3)2 6 2 1
Siderite FeCO3 1 trc
Clinoptilolite (Na,K,Ca)6(Si,Al)36O72 . 20H2O trc
Kaolinite Al2Si2O5(OH)4 1 4 5 6 7 5
Chlorite (Mg,Al)6(Si,Al)4O10(OH)8 2 trc 1 1 1 1 trc
Illite/Mica KAl2(Si3AlO10)(OH)2 47 13 27 20 23 8 12
Montmorillonite Na0.3(Al,Mg)2Si4O10(OH)2 . xH2O 43
Mixed-Layered Illite/Smectite K0.5Al2(Si,Al)4O10(OH)2 . 2H2O 7 11 24 15 8 21
Mixed-Layered Chlorite/Smectite (Mg,Fe)9(Si,Al)8O20(OH)10 . xH2O 2 1 1
TOTAL 100 100 100 100 100 100 100
% Illite layers in ML Illite/Smectite +/- 5% 55% 60% 75% 65% 50% 55%
% Chlorite layers in ML 
Chlorite/Smectite +/- 5% 70% 70% 60%
Relative Abundance (%)
Cela Velha Caldas da Rainha
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FIGURES 
 
 
 
Figure 1. Thermal conductivity of several sedimentary lithologies. Thermal conductivity of sandstone, shale, and 
limestone change with porosity, while salt always has high thermal conductivity (Corrigan and Sweat, 1995). 
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Figure 2. Schematic diagram of heat flow and temperature distribution in a homogenous medium around 
a cylindrical salt diapir in cross sectional view. Horizontal lines are isotherms and vertical lines are heat 
flux lines. Note the elevated temperatures (red) above salt and along the upper flanks of the salt diapir, 
while temperatures are suppressed (blue) below salt and along the lower flanks of the salt diapir relative 
to sediments unaffected by salt at the same burial depth (O'Brien and Lerche, 1984).  
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Figure 3. (Left) Location of the Lusitanian Basin, Portugal and its three sub basins. NLB = Northern 
Lusitanian Basin; CLB = Central Lusitanian Basin; SLB = Southern Lusitanian Basin; AF = Aveiro Fault; NF = 
Nazare Fault; TF = Tagus Fault; GF = Grandola Fault; BH = Berlengas Horst. (Right) Defined sub-basins 
composing the Central Lusitanian Basin. Note that the coastal area in white near Peniche is an unnamed 
sub-basin within the central Lusitanian Basin. Salt structures that are exposed at the surface of the Earth 
or shallowly buried by Quaternary sediments are colored brown. Locations of subsurface data shown in 
figures 5, 8, and 9 are denoted by black dashed lines (modified from Alves et al., 2003).  
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Figure 4. Regional stratigraphy of the Lusitanian Basin. The Upper Triassic to Lower Jurassic Dagorda 
Formation is the unit forming salt structures and is highlighted by a green box. The clastic Upper Jurassic 
Gres Superiores Formation and its basinward equivalents, the Abadia and Alcobaca Formations, are 
highlighted by a red box (Rasmussen et al., 1998).
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Figure 5. Seismic reflection survey and interpreted cross section in two way transit time displaying development of salt pillows during the Jurassic at the margin 
between the Bombarral and Arruda sub-basins of the Central Lusitanian Basin (Alves et al., 2003). In this figure, A6-A11 (teal) is the Gres Superiores Formation 
and displays evidence for deposition in a suprasalt position above a growing salt pillow. See Figure 3 for location of seismic survey. 
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Figure 6. Schematic cross sections showing the structural evolution of the Lusitanian Basin from the Early 
Jurassic to the present (Rasmussen et al., 1998). Note that the Gres Superiores Formation, Abadia 
Formation, and Alcobaca Formation are Upper Jurassic rocks which are colored dark grey. 
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Figure 7. Pre and Post Miocene Geometry  of the Gres Superiores Formation. Schematic figure showing the position of the Gres Superiores Formation at A) 
maximum burial depth prior to Miocene inversion and B) present day geometry after the Miocene inversion event (modified from Rasmussen et al., 1998).
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Figure 8. Seismic reflection survey of the subsurface near the Caldas da Rainha diapir with interpreted horizons for Triassic and Jurassic strata . The Caldas da 
Rainha diapir (purple) is a sub vertical diapir to depth. The Gres Superiores Formation (teal) is exposed at the surface of the Earth. See Figure 3 for location of 
the seismic survey. 
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Figure 9. Interpreted cross section from seismic reflection and outcrop data near the Bufarda diapir (modified from Wilson et al., 1988). The Bufarda transect 
lies within the area west of the salt diapir. See Figure 3 for location of the cross section.  
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Figure 10. Schematic cross section showing the sampling strategy for the project. Samples are collected at 
increasing distance from salt in the very shallowly dipping Gres Superiores Formation. Therefore, samples 
are believed to be at similar stratigraphic level. Salt diapir is colored purple and the Upper Jurassic (Gres 
Superiores Formation) is teal. 
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Figure 11. Map showing the location of transects near exposed salt bodies (shown as red dashed lines). 
A) Vimeiro transect B) Bufarda transect C) Caldas da Rainha transect and D) Cela Velha transect. Note that 
Bufarda transect lies within an unnamed sub-basin within the Central Lusitanian Basin.
(modified from Alves et al., 2003) 
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Figure 12. Modified geologic map of the area near Vimeiro, Portugal. Dagorda Formation (purple) is an evaporite that is covered by Quaternary and Pliocene 
sediments. The Dagorda Formation in this location is referred to as the Vimeiro diapir in the text. Sample locations and types are shown with colored circles. 
Modified from Instituto Geologico e Mineiro, Departmento de Geologia, Portugal; 30-A; 1996 Ed. 
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Figure 13. Modified geologic map of the area near Bufarda, Portugal. Dagorda Formation (purple) is an evaporite that is covered by Quaternary and Pliocene 
sediments. The Dagorda Formation in this location is referred to as the Bufarda diapir in the text. Sample locations and types are shown with colored circles. 
Modified from Instituto Geologico e Mineiro, Departmento de Geologia, Portugal; 30-A & 26-C; 1996 Ed.
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Figure 14. Modified geologic map of the area near Caldas da Rainha, Portugal. Dagorda Formation (purple) is an evaporite that is covered by Quaternary and 
Pliocene sediments. The Dagorda Formation in this location is referred to as the Caldas Rainha diapir in the text. Sample locations and types are shown with 
colored circles. Modified from Instituto Geologico e Mineiro, Departmento de Geologia, Portugal; 26-D; 1959 Ed. 
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Figure 15. Modified geologic map of the area near Cela Velha, Portugal. Dagorda Formation (purple) is an evaporite that is covered by Quaternary and Pliocene 
sediments. The Dagorda Formation in this location is referred to as the Caldas Rainha diapir in the text. Sample locations and types are indicated with colored 
circles. Modified from Instituto Geologico e Mineiro, Departmento de Geologia, Portugal; 26-B; 1961 Ed. 
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Figure 16. Bulk petrography point count results for the Vimeiro transect Gres Superiores sandstones.  
  
67 
 
 
Figure 17. Photomicrographs of quartz and carbonate cement in sample 3 of the Gres Superiores 
Formation in the Vimeiro transect. . Photomicrographs taken at 20x magnification in plane polarized light 
(PPL; left) and cross polarized light (XPL ; right). Q = detrital quartz grain; QC = quartz cement; C = 
carbonate cement.  
 
 
 
Figure 18. Photomicrographs of quartz and kaolinite cement in sample 71 of the Gres Superiores 
Formation in the Caldas da Rainha transect. Photomicrographs taken at 10x magnification in PPL (left) and 
XPL (right). Q = detrital quartz grain; QC = quartz cement; K = kaolinite cement.  
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Figure 19. Photomicrographs of quartz and clay cement in sample 45 of the Gres Superiores Formation in 
the Caldas da Rainha transect. Photomicrographs taken at 10x magnification in PPL (left) and XPL (right). 
Q = quart grain; QC = quartz cement; CC = clay cement.  
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Figure 20. Porosity from petrographic data plotted against distance from salt for each transect. Data are from Tables 5-8.  
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Figure 21. Bulk petrography point count results for the Bufarda transect Gres Superiores sandstones. 
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Figure 22. Bulk petrography point count results for the Caldas da Rainha transect Gres Superiores sandstones. 
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Figure 23. Bulk petrography point count results for the Cela Velha transect Gres Superiores sandstone.
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Figure 24. Photomicrographs of sample 79 of the of the Gres Superiores Formation in the Cela Velha 
transect. Photomicrographs taken at 4x magnification in plane polarized light (left) and cross polarized 
light (right). Sample was identified as a carbonate packstone.  
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Figure 25. Vitrinite reflectance (Ro) of Gres Superiores shales plotted against distance for all transects. Red shaded areas are interpreted as areas with elevated 
temperatures. Green shaded areas are interpreted as areas with a normal regional geothermal gradient. Blue shaded areas are interpreted as areas with 
suppressed temperatures. Black arrow indicates extent of thermal anomaly at which you cross from salt affected geothermal gradient to normal geothermal 
gradient. 
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Figure 26. Vitrinite correlation chart for converting to temperature in Celsius. Temperature onset for 
quartz cementation and albitization of feldspars is also shown. Ro values near salt and interpreted as the 
regional are plotted for each transect (modified from Hunt, 1996; Walderhaug, 1994a, Perez and Boles, 
2006). 
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Figure 27. Quartz cement of Gres Superiores sandstones plotted against distance from the salt diapir for 
each transect. A) Vimeiro B) Bufarda C) Caldas da Rainha D) Cela Velha. Data are from Tables 1-4. 
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Figure 28. Quantity of albite in Gres Superiores sandstones plotted against distance from the salt diapir 
for each transect. A) Vimeiro B) Bufarda C) Caldas da Rainha D) Cela Velha. Data are from Tables 9-12. 
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Figure 29. Results of numerical model showing steady state temperature distribution around a salt diapir 
that reached the surface of a basin. Note suppressed temperatures near diapir in sediments along upper 
flank of diapir due to salt efficiently transporting heat towards the surface of the Earth (Mello et al., 
1995).  
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Figure 30. Porosity and vitrinite reflectance (Ro) values of Gres Superiores sandstones and shales plotted against distance from salt for each transect.
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Figure 31. Carbonate cement and porosity plotted against distance from salt structures for all transects. 
Data is from Tables 9-12. 
 
 
 
Figure 32. Diapir radii, measured thermal anomalies, and ratios of thermal anomalies to diapir radii for 
each transect.  
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Figure 33. Schematic diagrams of heat flow around a salt diapir at various diapir burial depths.  A) Deeply buried salt diapir associated with 
largest size and relatively low magnitude thermal anomaly relative to unperturbed geothermal gradient B) Shallowly buried salt diapir associated 
with smaller sized thermal anomaly but higher magnitude C) Salt diapir that is exposed at the surface of the Earth associated with suppressed 
temperature thermal anomaly at all structural levels due to salt efficiently wicking heat away towards surface of the Earth.   
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APPENDIX 1 
LIST OF COLLECTED SAMPLES AND LOCATIONS 
 
Sample Number Age Formation Lithology Latitude Longitude
1 Mudstone  39°10'56.10"N   9°19'24.48"W
2 Sandstone  39°10'56.10"N   9°19'24.48"W
3 Sandstone  39°10'47.34"N   9°19'22.14"W
4 Sandstone  39°10'32.22"N   9°19'27.30"W
5 Mudstone  39°10'20.04"N   9°19'31.50"W
6 Sandstone  39°10'20.04"N   9°19'31.50"W
7 Mudstone  39°10'10.92"N   9°19'34.38"W
8 Sandstone  39°10'10.92"N   9°19'34.38"W
9 Sandstone  39° 9'21.84"N   9°19'52.92"W
10 Sandstone  39° 8'2.04"N   9°19'40.44"W
11 Mudstone  39° 8'2.04"N   9°19'40.44"W
12 Mudstone  39° 7'52.14"N   9°18'48.78"W
13 Sandstone  39° 7'52.14"N   9°18'48.78"W
14 Mudstone  39° 8'8.28"N   9°18'27.48"W
15 Sandstone  39° 8'8.28"N   9°18'27.48"W
16 Mudstone  39°10'2.94"N   9°19'28.38"W
17 Mudstone  39°18'14.10"N   9°18'9.84"W
18 Sandstone  39°18'14.10"N   9°18'9.84"W
19 Sandstone  39°18'14.52"N   9°18'4.20"W
20 Mudstone  39°18'14.52"N   9°18'4.20"W
21 Mudstone  39°17'49.44"N   9°18'21.06"W
22 Sandstone  39°17'49.44"N   9°18'21.06"W
23 Sandstone  39°17'44.34"N   9°18'29.88"W
24 Mudstone  39°17'47.10"N   9°18'40.14"W
25 Mudstone  39°18'4.38"N   9°19'5.94"W
26 Sandstone  39°18'4.38"N   9°19'5.94"W
27 Mudstone  39°18'18.60"N   9°19'46.32"W
28 Sandstone  39°18'18.60"N   9°19'46.32"W
29 Mudstone  39°18'11.64"N   9°19'29.52"W
30 Sandstone  39°18'11.64"N   9°19'29.52"W
31 Mudstone  39°18'21.96"N   9°20'16.44"W
32 Sandstone  39°18'21.96"N   9°20'16.44"W
33 Mudstone  39°18'7.56"N   9°20'41.94"W
34 Sandstone  39°18'7.56"N   9°20'41.94"W
35 Mudstone  39°24'20.88"N   9° 7'22.50"W
36 Sandstone  39°24'20.88"N   9° 7'22.50"W
37 Sandstone  39°24'7.50"N   9° 7'33.90"W
38 Mudstone  39°24'7.50"N   9° 7'33.90"W
39 Sandstone  39°24'7.74"N   9° 7'45.00"W
40 Mudstone  39°24'7.74"N   9° 7'45.00"W
Jurassic
Alcobaca / 
Abadia 
Grés 
Superiores
Grés 
Superiores
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41 Sandstone  39°24'14.22"N   9° 7'29.52"W
42 Mudstone  39°24'14.22"N   9° 7'29.52"W
43 Mudstone  39°23'59.52"N   9° 7'8.94"W
44 Sandstone  39°23'59.52"N   9° 7'8.94"W
45 Sandstone  39°23'59.16"N   9° 6'47.88"W
46 Mudstone  39°24'18.78"N   9° 6'43.02"W
47 Sandstone  39°24'8.70"N   9° 5'55.38"W
48 Sandstone  39°24'6.36"N   9° 5'39.78"W
49 Mudstone  39°24'2.40"N   9° 5'43.62"W
50 Mudstone  39°24'2.40"N   9° 5'18.60"W
51 Sandstone  39°24'2.40"N   9° 5'18.60"W
52 Sandstone  39°23'42.30"N   9° 4'57.54"W
53 Mudstone  39°23'42.30"N   9° 4'57.54"W
54 Mudstone  39°23'19.92"N   9° 3'45.96"W
55 Sandstone  39°23'19.92"N   9° 3'45.96"W
56 Mudstone  39°23'26.40"N   9° 3'6.78"W
57 Sandstone  39°22'54.00"N   9° 2'4.56"W
58 Sandstone  39°22'22.80"N   9° 1'10.86"W
59 Mudstone  39°22'22.80"N   9° 1'10.86"W
60 Sandstone  39°22'3.78"N   9° 0'53.46"W
61 Mudstone  39°21'55.62"N   9° 0'34.26"W
62 Mudstone  39°24'4.44"N   9° 6'10.80"W
63 Mudstone  39°24'11.22"N   9° 5'5.94"W
64 Sandstone  39°24'11.22"N   9° 5'5.94"W
65 Sandstone  39°24'16.62"N   9° 4'44.94"W
66 Mudstone  39°24'16.62"N   9° 4'44.94"W
67 Sandstone  39°24'17.82"N   9° 4'3.36"W
68 Mudstone  39°24'21.84"N   9° 3'19.86"W
69 Sandstone  39°24'21.84"N   9° 3'19.86"W
70 Mudstone  39°24'3.18"N   9° 2'4.80"W
71 Sandstone  39°24'3.18"N   9° 2'4.80"W
72 Mudstone  39°23'27.60"N   9° 0'51.42"W
73 Sandstone  39°23'27.60"N   9° 0'51.42"W
74 Mudstone  39°22'43.80"N   8°59'50.22"W
75 Sandstone  39°22'43.80"N   8°59'50.22"W
76 Sandstone  39°22'19.80"N   8°59'33.90"W
77 Mudstone  39°22'19.80"N   8°59'33.90"W
78 Mudstone  39°33'9.72"N   9° 3'7.26"W
79 Sandstone  39°33'9.72"N   9° 3'7.26"W
80 Sandstone  39°33'11.94"N   9° 2'51.00"W
81 Mudstone  39°33'11.94"N   9° 2'51.00"W
82 Sandstone  39°33'15.78"N   9° 2'40.68"W
83 Mudstone  39°33'15.78"N   9° 2'40.68"W
84 Mudstone  39°33'8.82"N   9° 2'25.26"W
85 Sandstone  39°33'8.82"N   9° 2'25.26"W
Jurassic
Grés 
Superiores
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86 Sandstone  39°32'57.48"N   9° 2'14.40"W
87 Mudstone  39°32'57.48"N   9° 2'14.40"W
88 Sandstone  39°32'40.74"N   9° 2'12.12"W
89 Mudstone  39°32'40.74"N   9° 2'12.12"W
90 Sandstone  39°32'1.26"N   9° 2'44.82"W
91 Mudstone  39°31'26.10"N   9° 2'51.36"W
92 Sandstone  39°31'26.10"N   9° 2'51.36"W
93 Sandstone  39°31'29.76"N   9° 2'14.34"W
94 Mudstone  39°31'13.32"N   9° 0'48.54"W
95 Sandstone  39°31'13.32"N   9° 0'48.54"W
96 Sandstone  39°31'29.82"N   9° 0'5.40"W
97 Mudstone  39°31'29.82"N   9° 0'5.40"W
98 Sandstone  39°32'18.12"N   8°59'12.00"W
99 Mudstone  39°32'18.12"N   8°59'12.00"W
100 Sandstone  39°32'24.24"N   8°58'55.08"W
101 Mudstone  39°32'24.24"N   8°58'55.08"W
102 Sandstone  39°31'57.06"N   8°58'58.20"W
103 Mudstone  39°31'57.06"N   8°58'58.20"W
104 Sandstone  39°31'2.28"N   8°58'23.76"W
105 Mudstone  39°31'2.28"N   8°58'23.76"W
106 Alcobaca Mudstone  39°32'54.06"N   9° 6'4.14"W
Grés 
SuperioresJurassic
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APPENDIX 2 
PHOTOMICROGRAPHS OF THIN SECTIONS 
Photomicrographs were taken of the sandstone thin sections to record composition, grain size, and 
sorting of the sandstone samples. The following photomicrographs were photographed in plane polarized 
light (PPL) and cross polarized light (XPL) where noted. Photomicrographs are included for data repository 
purposes.  
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APPENDIX 3 
ORGANIC PETROLOGY ANALYTICAL PROCEDURES BY EGS-PLORATION INC. 
The following is verbatim from EGS-ploration company procedures description:  
 
Vitrinite reflectance measurements: 
Whole rock sample preparation for analysis in incident white light was performed on crushed 
(0.55 mm) whole rocks following the guidelines set out in the International Organization for 
Standardization publications ISO 7404-2, ISO 7404-3 and ISO 7404-5. Crushed particles were cold set into 
an epoxy resin block and sequentially ground then polished using decreasing abrasives and polishing 
powders using an automated Buehler Ecomet 3®, Automet 2® head, polishing system and isopropanol as 
lubricant. The reflectance of vitrinite particles was determined in a dark-room using a Zeiss Standard 
Universal research microscope-photometer system (UMSP-30) equipped with a 12V, 100W tungsten-
halogen lamp, a 40-power Epiplan oil immersion objective, filtered 546 nm non-polarized incident light 
and Zeiss immersion oil with a refractive index of 1.517 at 23°C. Reflectance measurements (% Ro) were 
recorded on randomly-oriented particles. A Zeiss triple glass standard with reflectances of 0.506 %, 1.025 
% and 1.817 % was used in addition to McCrone® Yttrium-aluminum-Garnet (0.917 %), Spinel (0.413 %) 
and Cubic Zirconium (3.256 %) mineral standards for photometer calibration and reflectance 
determination.  
 
 
 116 
 
PHOTOMICROGRAPHS OF ORGANIC MATTER ASSEMBLAGES IN INCIDENT WHITE LIGHT (546 nm) 
 
 
Photomicrographs of vitrinite particles analyzed are commonly included in vitrinite reflectance analyses 
and are thus included as a source of data. 
 
 
VIMEIRO TRANSECT 
Sample 1 Sample 1 
Sample 1 Sample 1 
Sample 1 Sample 1 
 117 
 
 
 
Sample 1 Sample 1 
Sample 5 Sample 5 
Sample 5 Sample 5 
 118 
 
 
 
Sample 5 Sample 5 
Sample 5 Sample 5 
Sample 5 Sample 11 
 119 
 
 
 
Sample 11 Sample 11 
Sample 11 Sample 11 
Sample 11 Sample 11 
 120 
 
 
 
 
 
Sample 11 Sample 11 
Sample 11 Sample 12 
Sample 12 Sample 12 
 121 
 
Sample 14 Sample 14 
Sample 14 Sample 14 
Sample 16 Sample 16 
 122 
 
Sample 16 Sample 16 
 123 
 
CALDAS DA RAINHA TRANSECT 
 
Sample 35 Sample 35 
Sample 35 Sample 38 
Sample 40 Sample 40 
 124 
 
 
 
 
Sample 40 Sample 40 
Sample 40 Sample 42 
Sample 42 Sample 42 
 125 
 
 
 
Sample 43 Sample 43 
Sample 43 Sample 46 
Sample 46 Sample 46 
 126 
 
 
 
Sample 46 Sample 49 
Sample 49 Sample 49 
Sample 49 Sample 50 
 127 
 
 
 
Sample 50 Sample 53 
Sample 53 Sample 53 
Sample 53 Sample 54 
 128 
 
 
 
 
Sample 54 Sample 54 
Sample 56 Sample 56 
Sample 56 Sample 56 
 129 
 
 
 
Sample 59 Sample 59 
Sample 59 Sample 59 
Sample 61 Sample 61 
 130 
 
 
 
 
Sample 61 Sample 62 
Sample 61 Sample 62 
Sample 63 Sample 63 
 131 
 
 
 
Sample 66 Sample 66 
Sample 66 Sample 68 
Sample 68 Sample 68 
 132 
 
 
 
Sample 68 Sample 68 
Sample 70 Sample 70 
Sample 70 Sample 72 
 133 
 
 
 
Sample 72 Sample 72 
Sample 72 Sample 74 
Sample 74 Sample 74 
 134 
 
 
 
Sample 74 Sample 74 
Sample 74 Sample 77 
Sample 77 
 135 
 
BUFARDA TRANSECT 
 
Sample 17 Sample 17 
Sample 17 Sample 20 
Sample 20 Sample 20 
 136 
 
 
 
 
Sample 21 Sample 21 
Sample 21 Sample 24 
Sample 24 Sample 25 
 137 
 
Sample 25 Sample 25 
Sample 27 Sample 27 
Sample 27 Sample 29 
 138 
 
Sample 29 Sample 29 
Sample 29 Sample 31 
Sample 31 Sample 31 
 139 
 
 
 
 
Sample 31 Sample 31 
Sample 33 Sample 33 
 140 
 
CELA VELHA TRANSECT 
Sample 78 Sample 78 
Sample 78 Sample 78 
Sample 78  
 141 
 
Sample 81 Sample 81 
Sample 81 Sample 81 
Sample 81 Sample 81 
 142 
 
Sample 83 Sample 83 
Sample 83 Sample 83 
Sample 83 Sample 83 
 143 
 
Sample 84 Sample 84 
Sample 84 Sample 84 
Sample 84 Sample 84 
 144 
 
Sample 87 Sample 87 
Sample 87 Sample 87 
Sample 87 Sample 87 
 145 
 
  
Sample 89 Sample 89 
Sample 91 Sample 91 
Sample 91 
 146 
 
 
Sample 94 Sample 94 
Sample 94 Sample 94 
Sample 94 Sample 94 
 147 
 
 
Sample 97 Sample 97 
Sample 101 Sample 101 
Sample 101 Sample 101 
 148 
 
  
 
 
Sample 103 Sample 103 
Sample 105 Sample 105 
Sample 103 Sample 103 
 149 
 
APPENDIX 4 
X-RAY DIFFRACTION LAB METHOD 
The following is verbatim from Mineralogy Inc. procedures description: 
 
Bulk & Clay Fraction Analysis of Soil and Rock Samples 
Mineralogy, Inc. observes the following methodology for our routine bulk and clay x-ray 
diffraction analysis of soil and rock samples. Following arrival of the samples at the laboratory, a 
(representative) five gram portion of the specimen will be split from the bulk rock or soil samples for each 
of the intervals submitted for analysis. If evidence of oil staining is present, the samples will then be 
extracted with toluene to remove the hydrocarbons and dried at 60 degrees Centigrade. Each of the 
samples will be subsequently split into two equal portions to provide material for the bulk and clay 
fraction analysis respectively. The “bulk” sample splits are ground in a high Cr-steel milling device to yield 
powders with a mean particle diameter of approximately 20-30 micrometers. 
The sample splits reserved for clay fraction preparation are placed in centrifuge tubes and mixed 
with approximately 40mL of de-ionized water. The suspensions are then dispersed with ultrasonic energy 
for 5 minutes and centrifuged at 2000RPM for 10 minutes, following which the uppermost 2mL of 
suspension is decanted and transferred to glass slides. The slides are dried at 40 degrees Centigrade to 
yield oriented clay mounts with a particle size of less than 4 micrometers. 
The bulk powders and oriented clay mounts are then scanned with a Rigaku Mini Flex X-ray 
diffractometer using copper K-alpha radiation. Operating parameters are noted as follows: generator 
power settings: 40 kV, 20 mA, Receiving optics: receiving slit, Soller slit, scattering slit, and SC70 detector, 
Incident optics: divergence slit, and incident parallel slit, and an ASC6 sample changer. The standard 
scanning parameters for a bulk XRD specimen are from 3° 2- theta to 50° 2-theta. The step size is 0.020° 2-
Theta and the dwell time at each step is 0.3 seconds. The air-dried oriented clay slides are scanned from 
3-26 degrees 2-Theta. The clay mounts are then suspended in a sealed jar containing ethylene-glycol for a 
period of 8 hours. The ethylene-glycol-solvated clay mounts are then analyzed with a scan range of 3-26 
degrees 2-Theta. The procedures outlined above will provide the “raw” digital data (scan intensity vs. 
degrees 2-Theta) used to graph the bulk, air-dried clay and ethylene glycol solvated clay diffractograms. 
Computer analysis of the diffractograms provides for identification and semi-quantitative 
analysis of the relative abundance of the various mineral phases. Rigaku’s PDXL2 (2012) software and the 
ICDD JCPDS mineral database, with over 600,000 known compounds, are used to identify mineral phases 
present. 
The XRD methodology outlined above is adapted from the following reference: 
 
Moore, D.M. and Reynolds, R.C.Jr., 1989, X-ray Diffraction and the Identification of Clay Minerals, 332p., 
Oxford University. 
 
  
 150 
 
APPENDIX 5 
  
 CEMENTS AND POROSITY VS. DISTANCE IN VIMEIRO TRANSECT FROM PETROGRAPHY 
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APPENDIX 6 
   
CEMENTS AND POROSITY VS. DISTANCE IN BUFARDA TRANSECT FROM PETROGRAPHY 
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APPENDIX 7 
  
 CEMENTS AND POROSITY VS. DISTANCE IN CALDAS DA RAINHA TRANSECT FROM PETROGRAPHY 
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APPENDIX 8 
 
CEMENTS AND POROSITY VS. DISTANCE IN CELA VELHA TRANSECT FROM PETROGRAPHY 
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APPENDIX 9 
   
PETROGRAPHIC DATA VS. DISTANCE IN VIMEIRO TRANSECT FROM QEMSCAN 
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APPENDIX 10 
  
PETROGRAPHIC DATA VS. DISTANCE IN BUFARDA TRANSECT FROM QEMSCAN 
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APPENDIX 11 
  
PETROGRAPHIC DATA VS. DISTANCE IN CALDAS DA RAINHA TRANSECT FROM QEMSCAN 
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APPENDIX 12 
  
PETROGRAPHIC DATA VS. DISTANCE IN CELA VELHA TRANSECT FROM QEMSCAN 
 
 
 
 158 
 
BIBLIOGRAPHY 
Allen, P.A., and Allen, J. R., 1990, Basin Analysis Principles and Applications, Oxford, p. 295-305. 
 
Alves, T.M., Manuppella, G., Gawthorpe, R.L., Hunt, D.W., and Monteiro, J.H., 2003, The 
depositional evolution of diapir- and fault-bounded rift basins: examples from the 
Lusitanian Basin of West Iberia: Sedimentary Geology, v. 162, p. 273-303. 
 
Barker C.E., and Pawlewicz, M.J., 1994, Calculation of vitrinite reflectance from thermal histories 
and peak temperatures: A comparison of methods, in Mukhopadhyay, P. K., Dow, W. G., 
eds., Vitrinite reflectance as a maturity parameter: Applications and limitations: 
American Chemical Society Symposium Series, v. 570, p. 216-219.  
 
Boles, J. R., 1982, Active albitization of plagioclase, Gulf Coast Tertiary: American Journal of 
Science, v. 282, p. 165-180. 
 
Corrigan, J., and Sweat, M., 1995, Heat flow and gravity responses over salt bodies: A 
comparative model analysis: Geophysics, v. 60, p. 1029-1037. 
 
Cunha, P. P., and Pena dos Reis, R., 1995, Cretaceous sedimentary and tectonic evolution of the 
northern sector of the Lusitanian basin (Portugal): Cretaceous Research, v. 16, p. 155-
170. 
 
Dow, W.G., 1977, Kerogen studies and geological interpretations: Journal of Geochemical 
Exploration, v.7, p. 79-99. 
 159 
 
Giles, M. R., Indrelid, S. L., Beynon, G. V., and Amthor, J., 2000, The origin of large-scale quartz 
cementation: evidence from large data sets and coupled heat-fluid mass transport 
modeling: in R. H. Worden and S. Morad, eds., Quartz cementation in sandstones: 
International Association of Sedimentologists Special Publication 29, p. 21-38. 
 
Hanson, A. D., 2014, A surprising asymmetric paleothermal anomaly around El Gordo diapir, La 
Popa Basin, Mexico: American Association of Petroleum Geologists Bulletin, v. 98, p. 
213-226. 
 
Harwood, J., Aplin, A. C., Fialips, C. I., Iliffe, J. E., Kozdon, R., Ushikubo, T., and Valley, J. W., 2013, 
Quartz cementation history of sandstones revealed by high-resolution SIMS oxygen 
isotope analysis: Journal of Sedimentary Research, v. 83, p. 522-530. 
 
Hudec, M. R., and Jackson, M. P., 2011, The Salt Mine a Digital Atlas of Salt Tectonics, Oklahoma, 
p. 1-29. 
 
Hunt, J.M., 1996, Petroleum Geochemistry and Geology. 2nd Edition. W.H.Freeman, New York, 
743 p.  
 
Hyodo, A., Kozdon, Reinhard, Pollington, A. D., and Valley, J. W., 2014, Evolution of quartz 
cementation and burial history of the Eau Claire Formation based on in situ oxygen 
isotope analysis of quartz overgrowths: Chemical Geology, v. 384, p.168-180. 
 160 
 
Ingersoll, R. V., Bullard, T. F., Ford, R. L., Grimm, J. P., Pickle, J. D., and Sares, S. W., 1984, The 
effect of grain size on detrital modes: a test of the Gazzi-Dickinson point-counting 
method: Journal of Sedimentary Petrology, v. 54, p. 103-116. 
 
Lopatin, N.V., 1971. Temperature and geologic time as factors in coalification: Izvestiya 
Akademii Nauk USSR seriya Geologicheskaya 3, p. 95-196 (in Russian). 
 
McManus, K. M., and Hanor, J. S., 1988, Diagenetic evidence for massive evaporite dissolution, 
fluid flow, and mass transfer in the Louisiana Gulf Coast: Geology, v. 21, p. 727-730. 
 
Mello, U. T., Karner , G. D., and Anderson, R. N., 1995, Role of salt in restraining the maturation 
of subsalt source rocks: Marine and Petroleum Geology, v. 12, p. 697-716. 
 
Meunier, A., and Velde, B., 2004, Illite, New York, p. 189-225. 
 
Moore, D.M. and Reynolds, R.C. Jr., 1989, X-ray Diffraction and the Identification of Clay 
Minerals, Oxford University, 332p.. 
 
O’Brien, J. J., and Lerche, I., 1984, The influence of salt domes on paleotemperature 
distributions: Geophysics, v. 49, p. 2032-2043.  
 
O’Brien, J. J., and Lerche, I., 1988, Impact of heat flux anomalies around salt diapirs and salt 
sheets in the Gulf Coast on hydrocarbon maturity: models and observations: 
Transactions— Gulf Coast Association of Geological Societies, v. 38, p. 231-243. 
 161 
 
Oelkers, E. H., Bjorkum, P. A., and Murphy, W. M., 1996, A petrographic and computational 
investigation of quartz cementation and porosity reduction in North Sea sandstones: 
American Journal of Science, v. 296, p. 420-452. 
 
Perez, R.J., and Boles, J. R., 2006, An empirically derived kinetic model for albitization of detrital 
plagioclase: American Journal of Science, v. 305, p. 312-343. 
 
Peters, K.E., Simoneit, B.R.T., Brenner, S., and Kaplan, I.R., 1978. Vitrinite reflectance-
temperature determinations for intruded Cretaceous black shale in the eastern Atlantic. 
Symposium in Geochemistry; Low Temperature Metamorphism of Kerogen and Clay 
Minerals (D. Oltz, ed.) SEPM Pacific Section, p. 53-58. 
Pollastro, R., 1993, Considerations and applications of the illite/smectite geothermometer in 
hydrocarbon-bearing rocks of Miocene to Mississippian age: Clays and Clay Minerals, v. 
41, p. 119-133. 
 
Rasmussen, E.S., Lomholt, S., Andersen, C., and Vejbæk, O.V., 1998, Aspects of the structural 
evolution of the Lusitanian Basin in Portugal and the shelf and slope area offshore 
Portugal: Tectonophysics, v. 300, p. 199-225. 
 
Robertson, E. C., 1988, Thermal properties of rocks: U.S. Geological Survey, Open-File Report 88-
441, 106 p. 
 
Taylor, A. M., Stuart, G., Leary, S., Keogh, K. J., and Martinius, A. W., 2013, Stratigraphical 
correlation of the Late Jurassic Lourinha Formation in the Consolacao Sub-basin 
(Lusitanian Basin), Portugal; Geological Journal, v. 49, p. 143-162.  
 162 
 
Taylor, T. R., Giles, M. R., Hathon, L. A., Diggs, T. N., Braunsdorf, N. R., Birbiglia, G. V., Kittridge, 
M. G., Macaulay, C. I., and Espejo, I. S., 2010, Sandstone diagenesis and reservoir quality 
prediction: Models, myths and reality: American Association of Petroleum Geologists 
Bulletin, v. 94, p. 1093-1132. 
 
Uphoff, T. L., 2005, Subsalt (pre-Jurassic) exploration play in the northern Lusitanian basin of 
Portugal: American Association of Petroleum Geologists Bulletin, v. 89, p. 699-714. 
 
Vizgirda, J., O’Brien, J. J., and Lerche, I., 1985, Thermal anomalies on the flanks of a salt dome: 
Geothermics, v. 14, p. 553-565. 
 
Walderhaug, O., 1994a, Precipitation rates for quartz cement in sandstones determined by fluid-
inclusion microthermometry and temperature-history modeling: Journal of Sedimentary 
Research, v. A64, p. 324-333. 
 
Walderhaug, O., 1994b, Temperatures of quartz cementation in Jurassic sandstones from the 
Norwegian continental shelf-evidence from fluid inclusions: Journal of Sedimentary 
Research, v. A64, p. 311-323.  
 
Wilson, R.C.L., 1988, Mesozoic development of the Lusitanian Basin, Portugal: Revista de la 
Sociedad Geologica de Espana, v. 3-4, p. 393-407. 
 
Wilson, R.C.L., Hiscott, R.N., Willis, and M.G., Gradstein, F.M. 1989, The Lusitanian Basin of west 
central Portugal: Mesozoic and Tertiary tectonics, stratigraphy and subsidence history. 
 163 
 
In: Extensional Tectonics and Stratigraphy of the North Atlantic Margins, Tankard, A.L., 
Balkwill, H.R. (eds). AAPG Memoir 46, p. 341–361. 
 
Worden, R. H., and Morad, S., 2000, Quartz cementation in oil field sandstones: a review of the 
key controversies, in R. H. Worden and S. Morad, eds., Quartz cementation in 
sandstones: International Association of Sedimentologists Special Publication 29, p. 1-
20. 
 
Yu, Z., Lerche, I., and Lowrie, A., 1992, Thermal impact of salt: simulation of thermal anomalies 
in the Gulf of Mexico: Pure and Applied Geophysics, v. 138, p. 181-192.
 164 
 
VITA 
Graduate College 
University of Nevada, Las Vegas 
 
Brett Donovan Perry 
Degrees: 
 Bachelor of Science, Geology, 2012 
 University of Nevada Las Vegas 
 
Special Honors and Awards: 
 Bernarda French Scholarship, UNLV, 2011-2012 
 GSA Bighorn Basin Field Award Recipient 2012 
 NSF EPSCoR Grant Recipient 2010 
  
 
Thesis Title: Thermal Impacts of Salt on Sandstones and Mudstones of the Lusitanian Basin, 
Portugal 
 
Thesis Examination Committee: 
 Chairperson, Andrew D. Hanson 
 Committee Member, Rodney Metcalf 
 Committee Member, Brenda Buck 
 Graduate Faculty Representative, Andrew Andres 
